
A S A  TECHNICAL N N A S A  T N  D-5854 

d 

OBSERVATIONS OF WATERSPOUTS 
AND THEIR PARENT CLOUDS 

by Vernon J. RQSSQW 
Ames Research Center 
Moflett Field, Ca/$ 94035 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION * WASHINGTON, D. C. * JUNE 1970 



1. Report No. 2. Government Accession No. 

NASA TN D-5854 

OBSERVATIONS OF WATERSPOUTS AND THEIR PARENT CLOUDS 

~ ~~ ~~~ 

9 .  Performing Organization Name and Address 

NASA Ames Research Center 
Moffett Field, Cahfornia 94035 

12. Sponsoring Agency Name and Address 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D. C., 20546 

7. Author(s) I VernonJ. mssow 

19. Security Classif. (of this repart) 20. Security Classif .  (of this page) 21- No. of Pages 

Unclassified Unclassified 63 

22. Price* 

$3.00 

3. Recipient's Catalog No. 

5. Report Date 
June 1970 

6. Performing Organization Code 

8. Performing Organization Report No. 
A-3317 

IO. Work Unit  No. 
129-01-07-04-00-21 

I 1. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Note 

14. Sponsoring Agency Code 

15. Supplementary Notes 

16. Abstract 

Results of a study of waterspouts during the summers of 1967 and 1968 in the area around Key West, Florida a r e  
presented. Observations were made from Coast Guard Cutters and from aircraft assigned to the Key West Naval Air 
Station on a cooperative basis with NASA, Ames Research Center. Measurements made of the electric and magnetic fields 
associated with these atmospheric vortices indicate that electricity does not play a primary role in their structure and 
could be eliminated as a generating mechanism or as a means of identification. The measurements did not clarify a 
secondary or augmentation role for electrical energy because the events which involved electrical activity could not be 
studied thoroughly enough to identify the relationship with the vortex. Although electricity is eliminated as an essential OF 
defining mechanism, some evidence was found (low cloud tops and a lightning demise of a spout) to indicate that these 
vortices cannot exist if electricity is too prominent. 

Of the 104 evehts sighted, it was found that 30 rotated cyclonically, 9 anticyclonically, and the rest either went 
unnoticed or were not observable. The parent clouds had tops at  8,000-12,000 ft and bottoms from 800-2 500 ft altitude. 
Other results obtained on the characteristics of Waterspouts supplement those in past publications but stiil do not 
appear to disclose the mechanism responsible for the formation of the vortex at  the time and location of its occurrence. 
The relationship of these results to tornado structure is uncertain. 

17. Key Words Suggested by Author 
Waterspouts 
Tornadoes 
Meteorology 

18. Distribution Statement 

Unclassified - Unlimited 

"For sale by t h e  Clear inghouse fo r  Federal Scient i f ic  and Technical  I n fo rma t ion  
Springfield, V i r g i n i a  22151 





PREFACE 

A l a r g e  number of i nd iv idua l s  p a r t i c i p a t e d  i n  t h i s  p r o j e c t .  P a r t i c u l a r  
acknowledgment i s  due P ro f .  Harold P .  Gerr ish o f  t h e  Univers i ty  of  M i a m i  f o r  
sugges t ing  t h e  reg ion  around southern  F lo r ida  as t h e  a r e a  f o r  research  and f o r  
h i s  advice and consu l t a t ions  during t h e  s tudy ,  and t o  M r .  James Hughes of  t h e  
Of f i ce  of Naval Research, Washington, D.  C . ,  and Cdr. R .  V. Wilson who 
suggested t h a t  t he  research  b e  made a Navy Fleet Research I n v e s t i g a t i o n  and 
then a s s i s t e d  i n  b r ing ing  about t he  necessary  arrangements.  The e l e c t r i c  
f i e l d  measuring equipment was designed and b u i l t  under t h e  d i r e c t i o n  of  
D r .  Joe Nanevicz of  t h e  Electromagnet ic  Sciences Laboratory a t  S tanford  
Research I n s t i t u t e .  The gear  was i n s t a l l e d  by Grumman A i r c r a f t  Engineering 
Corp. who aided Navy personnel  i n  keeping t h e  MAD gear  h i g h l y  tuned s o  t h a t  
magnetic anomalies could b e  r e a d i l y  i d e n t i f i e d .  F i n a l l y ,  s p e c i a l  thanks are 
given t o  members o f  t h e  Shipping Surve i l l ance  P a t r o l  f o r  t h e  d a t a  obtained 
g r a t i s  during 1967 and t o  the  personnel  of A i r  Development Squadron 1 a t  Key 
West Naval A i r  S t a t i o n .  P a r t i c u l a r  thanks a r e  due Cdrs.  R .  V .  Wilson and 
N .  P .  Carr and L t .  J .  F .  F i t zge ra ld  o f  V X - 1  and Lcdr. D .  R. Simon of  Shipping 
Surve i l l ance  P a t r o l  f o r  t he  d i l i g e n c e ,  p e r s i s t e n c e ,  and ca re  taken t o  ob ta in  
the  d a t a  on waterspouts .  Support and s e r v i c e s  given a t  no cos t  t o  t h e  
p r o j e c t  by personnel  of t h e  7th Coast Guard D i s t r i c t  and o f  t h e  Cu t t e r s  
D I L I G E N C E ,  ACTIVE, and ARIADNE are a l s o  g r a t e f u l l y  acknowledged. 

iii 



OBSERVATIONS OF WATERSPOUTS AND THEIR PARENT CLOUDS 

Vernon J .  Rossow 

Ames Research Center  

SUMMARY 

Resul t s  of  a s tudy  of  waterspouts  during t h e  summers of  1967 and 1968 i n  
the  area around Key West, F lo r ida  are presented .  Observations were made from 
Coast Guard Cu t t e r s  and front a i rc raf t  ass igned  t o  t h e  Key West Naval A i r  
S t a t i o n  on a cooperat ive b a s i s  with NASA, Ames Research Center .  Measurements 
made of  t h e  e l ec t r i c  and magnetic f i e l d s  a s soc ia t ed  wi th  these  atmospheric 
v o r t i c e s  i n d i c a t e  t h a t  e l e c t r i c i t y  does not  p l ay  a primary r o l e  i n  t h e i r  
s t r u c t u r e  and could b e  e l imina ted  as .a genera t ing  mechanism o r  as a means o f  
i d e n t i f i c a t i o n .  The measurements d id  no t  c l a r i f y  a secondary o r  augmentation 
r o l e  f o r  e l e c t r i c a l  energy because t h e  events  which involved e l e c t r i c a l  a c t i v -  
i t y  could no t  b e  s t u d i e d  thoroughly enough t o  i d e n t i f y  t h e  r e l a t i o n s h i p  with 
the  vor tex .  Although e l e c t r i c i t y  i s  e l imina ted  as an e s s e n t i a l  o r  de f in ing  
mechanism, some evidence was found (low cloud tops and a l i g h t n i n g  demise of  
a spout)  t o  i n d i c a t e  t h a t  t hese  v o r t i c e s  cannot e x i s t  i f  e l e c t r i c i t y  is too  
prominent. 

O f  t h e  104 events  s i g h t e d ,  i t  was found t h a t  30 r o t a t e d  cyc lon ica l ly ,  
9 a n t i c y c l o n i c a l l y ,  and t h e  r e s t  e i t h e r  went unnot iced o r  were no t  observable .  
The parent  clouds had tops  a t  8,000-12,000 f t  and bottoms from 800-2,500 f t  
a l t i t u d e .  Other  r e s u l t s  ob ta ined  on t h e  c h a r a c t e r i s t i c s  of  waterspouts  
supplement those  i n  p a s t  pub l i ca t ions  b u t  s t i l l  do n o t  appear t o  d i s c l o s e  t h e  
mechanism re spons ib l e  f o r  t he  formation of  t h e  vo r t ex  a t  t h e  time and loca-  
t i o n  of  i t s  occurrence.  The r e l a t i o n s h i p  of  t h e s e  r e s u l t s  t o  tornado 
s t r u c t u r e  i s  unce r t a in .  

INTRODUCTION 

The fact  t h a t  only one of  s e v e r a l  seemingly i d e n t i c a l  clouds w i l l  spawn 
a funnel has  l e d  t o  much specu la t ion  as t o  what features o f  t h e  environment 
i n i t i a t e  o r  suppor t  t h e  atmospheric vo r t ex  o f  a tornado o r  waterspout event .  
Since a vo r t ex  r equ i r e s  a volume of  f l u i d  with reasonably wel l -organized 
angular  momentum and a pump mechanism f o r  removal o f  f l u i d  a t  a po in t  n e a r  
t he  c e n t e r  of r o t a t i o n  of  t he  mass of  a i r ,  a s a t i s f a c t o r y  explana t ion  should 
account f o r  both o f  t h e s e  b a s i c  items. One of  t h e  e a r l y  choices f o r  t h e  
respons ib le  mechanism was e l e c t r i c i t y  ( e .g . ,  refs. 1 and 2 ) ,  probably because 
of  i t s  a s s o c i a t i o n  with t h e  funnel  and wi th  t h e  seve re  weather  and because 
of  t he  unknown cha rac t e r  and c a p a b i l i t y  of  e l e c t r i c i t y .  A t  about t h e  same 
time, Espy ( r e f .  3) and o the r s  s t u d i e d  t h e  r o l e  o f  water  condensation and 
evaporat ion i n  d r iv ing  a tornado vor tex .  More recent ca l cu la t ions  by Fulks 
(ref. 4) and Vonnegut (ref.  5) i n d i c a t e  t h a t  f o r  t h e  model assumed, buoyancy 
of an a i r  column brought  about by temperature d i f f e rences  i n  t h e  a i r  and by 
condensation of water  vapor i s  not  enough t o  account f o r  t h e  200-500 mph 
v e l o c i t i e s  be l i eved  t o  b e  a s soc ia t ed  wi th  seve re  tornadoes.  Calcu la t ions  
such as these  and t h e  observa t ions  of e l e c t r i c a l  phenomena i n  and n e a r  



tornado funnels ,  such as those  r epor t ed  i n  r e fe rences  5-12, rev ived  t h e  i d e a  
t h a t  e lec t r ica l  h e a t i n g  o r  fo rces  might p l a y  a c r i t i ca l  r o l e  i n  tornado 
dynamics. The e lec t r ic  c u r r e n t  and magnetic d a t a  of  Boucher r epor t ed  
r e c e n t l y  by Brook1 ( r e f .  13) f o r  a tornado i n  Oklahoma a l s o  encouraged t h e  
a s s o c i a t i o n  o f  tornadoes with e l e c t r i c i t y .  

Means whereby e l e c t r i c i t y  might b e  coupled i n t o  t h e  vor tex  have been 
s t u d i e d  t h e o r e t i c a l l y  and experimental ly  i n  t h e  labora tory  f o r  a number o f  
models. Vonnegut (ref.  5) summarized t h e  var ious  ideas  expressed i n  t h e  
l i t e r a t u r e  p r i o r  t o  1960 and s t u d i e d  s e v e r a l  e l e c t r i c a l  models. 
time var ious  e l e c t r i c a l  mechanisms have been proposed and i n v e s t i g a t e d  
( r e f s .  14-20), some of which are ex tens ions  o r  modi f ica t ions  of  p r i o r  s t u d i e s .  
Brief desc r ip t ions  of  t y p i c a l  e l e c t r i c a l  t h e o r i e s  are presented  i n  appendix A 
t o g e t h e r  with an estimate f o r  t h e  v a r i a t i o n  o f  t h e  magnetic- and e l e c t r i c -  
f i e l d  s i g n a l s  t o  b e  a n t i c i p a t e d  as a func t ion  o f  t h e  diameter  o f  t he  funne l .  
Resul t s  of  these  ca l cu la t ions  and a few d a t a  po in t s  are presented  and d i s -  
cussed. Although a unique s o l u t i o n  i s  not  assured f o r  a s i n g l e  process ,  d a t a  
f a l l i n g  along a given curve would i n d i c a t e  t h a t  e l e c t r i c i t y  i s  a cons i s t en t  
p a r t  o f  t h e  vor tex  s t r u c t u r e ,  and t h e  func t iona l  v a r i a t i o n  would tend t o  
suppor t  c e r t a i n  t h e o r i e s  and r e j e c t  o t h e r s .  Also,  i f  both e l e c t r i c  and mag- 
n e t i c  f i e l d s  were known, i t  should i n  some cases  b e  p o s s i b l e  t o  determine i f  
t h e  vor tex  is  genera t ing  o r  r ece iv ing  e l e c t r i c a l  power. 
making measurements such as these ,  S i l b e r g  proposed dropping s h o r t  wires from 
an a i rc raf t  t o  reduce e l ec t r i c  f i e l d s  over  and around t h e  vo r t ex  i n  a manner 
employed by Kasemir and Weickmann ( r e f .  2 0 ) .  Rossow ( r e f .  18) proposed 
deploying long wires through t h e  cloud from gun- o r  rocket-  launched bobbins 
t o  t r i g g e r  l i g h t n i n g  as has  been done by Newman and h i s  a s s o c i a t e s  ( r e f .  21) 
f o r  nonvortex clouds.  

Since t h a t  

In  add i t ion  t o  

On the  b a s i s  o f  t h e  foregoing t h e o r i e s ,  l abo ra to ry  experiments,  and d a t a ,  
a sys t ema t i c  program was undertaken a t  Ames Research Center  t o  ob ta in  measure- 
ments of the  e l e c t r i c  and magnetic f i e l d s  n e a r  atmospheric v o r t i c e s ,  such as 
tornadoes and waterspouts ,  and t h e i r  pa ren t  clouds and t o  launch long wires  
i n t o  and through t h e  clouds over  t h e  v o r t i c e s .  The o b j e c t i v e  o f  t h e  measure- 
ments was t o  determine whether e l e c t r i c  and magnetic f i e l d s  a r e  a c o n s i s t e n t  
p a r t  o f  these  events  and, i f  so ,  t he  o r i e n t a t i o n  and l o c a t i o n  of  such f i e l d s  
r e l a t i v e  t o  the  funnel .  I n  t h i s  way it should b e  p o s s i b l e  t o  f i n d  out  
whether the  e l e c t r i c i t y  r e s u l t s  from o r  con t r ibu te s  t o  t h e  energy of  t h e  
vo r t ex .  (Since an oppor tuni ty  t o  launch wires i n t o  a waterspout cloud was 
n o t  found, t h a t  p a r t  o f  t h e  s tudy  w i l l  no t  b e  d iscussed  f u r t h e r . )  Reports on 
s t u d i e s  of tornadoes i n  t h e  midwestern United S t a t e s  ( e .g . ,  refs. 4 ,  22-31) 
r evea l  t h a t  tornadoes occur  q u i t e  f r equen t ly  b u t  over  an area s o  l a rge  and i n  
a manner s o  unpredic tab le  t h a t  t h e  p o s s i b i l i t y  of  observing a s i g n i f i c a n t  
number of  events  i n  a g iven-yea r  i s  remote. Prof .  Harold P .  Gerr ish of  t h e  
Univers i ty  of  M i a m i  suggested t o  t h e  au thor  t h e  reg ion  around southern  
F lo r ida  as promising f o r  research  on waterspouts  because of  t h e i r  frequency 

lThe l a t e  E .  H. Vest ine suggested t h a t  t h e  magnetic f i e l d  v a r i a t i o n  
measured by Boucher might be a t t r i b u t e d  t o  a s o l a r  magnetic d i s turbance  t h a t  
occurred a t  about t h a t  time. Closer  examination by Richard E .  O r v i l l e  o f  
S t a t e  Univers i ty  o f  New York a t  Albany showed t h a t  t h e  magnitude of  t h e  s o l a r  
d i s turbance  could account f o r  on ly  a p a r t  o f  t h e  s i g n a l ;  it i s  t h e r e f o r e  s t i l l  
f e l t  t h a t  t h e  major p o r t i o n  must have been generated l o c a l l y .  
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of  occurrence i n  t h a t  area and because permission t o  a t tempt  modi f ica t ion  
could more e a s i l y  be obta ined  f o r  events  over  water than f o r  t hose  over land.  
Papers on waterspouts  ( e .g . ,  refs. 30-36) showed t h e  months of  June through 
September t o  be most a c t i v e  wi th  a f r i n g e  per iod  o f  i nc rease  i n  May and 
decrease i n  October. 

The U.  S .  Navy and Coast Guard f a c i l i t i e s  around southern F l o r i d a  and i n  
t h e  Gulf o f  Mexico were contacted regard ing  t h e  p o s s i b i l i t y  o f  observing 
waterspouts t o  make measurements on them and t o  t r y  t h e  wire-deploying device 
on a pa ren t  cloud. 
(MAD gear) i n s t a l l e d  on Navy a i r c r a f t  (P2V and S2 s e r i e s )  as  an ope ra t ing  
system made p o s s i b l e  a i rbo rne  measurements of  t h e  magnetic f i e l d s  ( i  .e.,  
e l e c t r i c  cu r ren t s )  i n  t h e  v i c i n i t y  of  waterspouts  without  t h e  procurement, 
development, o r  modif icat ion of  equipment. Therefore ,  e a r l y  i n  1967 
M r .  James Hughes o f  t h e  Atmospheric Sciences Branch o f  t h e  Of f i ce  of Naval 
Research arranged t o  have a i r c r a f t  of  t h e  Shipping Surve i l l ance  P a t r o l  a t  t h e  
Key West Naval A i r  S t a t i o n  make measurements on waterspouts  observed while  
on p a t r o l .  These p a t r o l s ,  under t h e  supe rv i s ion  o f  Lcdr. Donald R .  Simon, 
obtained d a t a  on n ine  events  during 1967 (see  t a b l e  1 ) .  Arrangements were 
a l s o  made by Mr. Hughes s o  t h a t  t h e  au thor  and Harold Clements o f  Ames 
could accompany Coast Guard crews on p a t r o l  i n  t h e  Cay Sa l  a r e a  between t h e  
F lo r ida  Keys, Cuba, and t h e  Bahamas t o  observe waterspouts  and t o  f i r e  wire-  
deploying p r o j e c t i l e s  i n t o  the  cloud over  any waterspout  w i th in  range. Six-  
teen waterspouts  were seen  (see t a b l e  1) dur ing  5 weeks on board the  c u t t e r s  
DILIGENCE, ARIADNE, and ACTIVE, b u t  none were wi th in  range of t h e  
wire-deploying p r o j e c t i l e s .  

tometer  from a Grumman S2E a i r c r a f t  ass igned t o  t h e  p r o j e c t .  
t i o n  of  Cdr. Richard V.  Wilson of  t h e  A i r  Development Squadron 1 (VX-1) a t  
NAS Key West the  p r o j e c t  was made a Fleet  Research I n v e s t i g a t i o n  (F/R 107) of  
t he  Navy s o  t h a t  t h e  s tudy  could b e  made on a r e g u l a r  r a t h e r  than a conve- 
nience b a s i s .  Dai ly  f l i g h t s  from 8 June through 30 September 1968, r e s u l t e d  
i n  the  s tudy  of  52 waterspouts  with t h e  a i r c r a f t  ( see  t a b l e  1 ) .  An a d d i t i o n a l  
27  events  were s i g h t e d  by the  au thor  from t h e  ground and these  are a l s o  l i s t e d  
i n  t a b l e  1 t o  i n d i c a t e  how o f t e n  waterspouts  a r e  seen  i n  t h e  Key West a r e a  
and t o  p re sen t  c e r t a i n  c h a r a c t e r i s t i c s  t h a t  were noted.  Based on observa- 
t i o n s  of  o t h e r  people ,  it i s  es t imated  t h a t  a t  l e a s t  another  100 waterspouts  
occurred during t h e  summer of  1968 t h a t  a r e  n o t  l i s t e d  i n  t h e  t a b l e .  Distri- 
but ion  i n  s i ze ,  occurrence,  l o c a t i o n ,  e t c . ,  agrees  with t h e  d a t a  gathered by 
Gerrish ( r e f .  34) .  

spouts  made during 1967 and 1968 from Coast Guard C u t t e r s ,  from Navy a i r c r a f t ,  
and by the  au thor  from t h e  s u r f a c e .  
ment, of t h e  ope ra t ing  procedures used i n  t h e  a i rbo rne  tes ts ,  and of  t h e  
observa t ions  made on t h e  funnels  and t h e  p a r e n t  c louds .  

The a v a i l a b i l i t y  o f  magnetic-anomaly-detection equipment 

Measurements were made during 1968 with both e lec t rometers  and a magne- 
A t  t h e  sugges- 

The p resen t  paper  p re sen t s  t h e  r e s u l t s  o f  t h e  104 observa t ions  on water- 

Included is a d e s c r i p t i o n  of  t h e  equip- 

EQUIPMENT DESCRIPTION AND TEST PROCEDURES 

Figure 1 i s  a photograph o f  t h e  Grumman S2E aircraf t  used f o r  t h e  1968 
s tudy  showing t h e  loca t ions  o f  t h e  f o u r  e l ec t rome te r  sensors  on board and t h e  

3 



AN/ASQ-10 Magnetic-Anomaly-Detector (MAD) head i n  i t s  r e t r a c t e d  p o s i t i o n  ( i t  
i s  a sa tu rab le -co re  o r  f lux-ga te  magnetometer). The a i r c r a f t  i s  b u i l t  wi th  
t h e  MAD as a s t anda rd  p a r t  o f  i t s  equipment. 
designed f o r  a low magnetic n o i s e  l e v e l ;  i t s  f u l l - s c a l e  ranges of  1, 2.5,  5 ,  
10,  25, and 50 y ( ly  = l o V 5  gauss o r  1 nanotes la )  provided a maximum s e n s i -  
t i v i t y  of 0 . 0 2 ~ .  When the  equipment was i n  top  ope ra t ing  condi t ion  and t h e  
a i r c ra f t  was out  over  deep water  t h e  no i se  l e v e l  i s  about 0 .02 t o  0 . 0 4 ~  ( see  
f i g .  2 ) .  A bandpass f i l t e r  (0.075 t o  0.75 cps) i s  used t o  e l imina te  the  slow 
v a r i a t i o n s  i n  t h e  e a r t h ’ s  magnetic f i e l d  with d i s t a n c e  and a l t i t u d e .  
changes i n  a l t i t u d e  such as those  due t o  gus ts  and updraf t s  cause a magnetic 
anomaly t o  appear on t h e  tape  because o f  t h e  0.8y/100 f t  v a r i a t i o n  with a l t i -  
tude of  t he  e a r t h ’ s  magnetic f i e l d .  F l i g h t  procedures r equ i r ed  t h a t  t he  
p i l o t  n o t i f y  the  ope ra to r  a t  t h e  r eco rde r  whenever an a l t i t u d e  change 
occurred s i n c e  t h e  d a t a  runs were be ing  made around a funnel .  
out  of  fou r  y i e lded  a s i g n a l  and t h e  o the r s  d i d  n o t ,  it was usua l ly  assumed 
t h a t  t he  anomaly was due t o  an unobserved a l t i t u d e  change provided t h e  
p r o f i l e  resembled o the r s  ob ta ined  i n  t h a t  way. 

The d e t e c t o r  was s p e c i a l l y  

Rapid 

If one pass  

The e l ec t rome te r  s enso r s ,  con t ro l  box, ampl i f i e r s ,  e t c .  (see f i g .  3) 
were designed and b u i l t  by D r .  Joe  Nanevicz and Richard Hi lbe r s  of  t h e  Elec-  
t romagnet ic  Sciences Laboratory a t  S tanford  Research I n s t i t u d e  and had f u l l -  
scale ranges of 1, 3 ,  10, 30, 100, and 300 kV/m. A low n o i s e  l e v e l  i n  t h e  
equipment (same graphica l  readout  as magnetic de t ec to r )  permi t ted  t h e  i d e n t i -  
f i c a t i o n  of  a vol tage  gradien t  as low as 20 V/m; f o r  example, t he  f a i r  
weather  p o t e n t i a l  was e a s i l y  i d e n t i f i a b l e  during ground checks.  Although 
f i l t e r s  l i m i t e d  t h e  time response of  t h e  equipment t o  a range from dc t o  
10 cps,  changes i n  t h e  e l e c t r i c  f i e l d  when l i g h t n i n g  occurred s t i l l  appeared 
as n e a r l y  discont inuous on t h e  tapes  ( see  f i g .  4 ) .  Note t h a t  a magnetic 
anomaly r e p r e s e n t a t i v e  of  t h e  cu r ren t  surge  i n  a s t r o k e  a l s o  appears on t h e  
tape .  Although e l e c t r i c  surveys were made on clouds and readings were taken 
dur ing  e l e c t r i c a l  a c t i v i t y ,  t h a t  d a t a  w i l l  no t  b e  t r e a t e d  h e r e .  

I n  o r d e r  t o  re la te  t h e  s i g n a l s  on the  sensors  t o  t h e  e l e c t r i c  f i e l d  t h a t  
would e x i s t  i f  the  metal a i rc raf t  were not  “ t h e r e ,  t h e  senso r  loca t ions  were 
c a l i b r a t e d  i n  t h e  labora tory  on a s c a l e  model o f  t h e  a i r c r a f t  (15 i n .  wing 
span) covered with m e t a l l i c  p a i n t .  
sensors  i n  those  p l aces  on t h e  a i rcraf t  where cross-coupl ing between la te ra l  , 
l ong i tud ina l ,  and v e r t i c a l  components was a t  a minimum and where access  p l a t e s  
were a v a i l a b l e  f o r  mounting the  senso r s .  A s  a r e s u l t ,  t h e  nose senso r  was 
mounted i n  p l ace  o f  t h e  nose t a x i  l i g h t  and t h e  wing senso r  was loca ted  on an 
access panel  on t h e  underside of  t h e  l e f t  wing ( f i g .  3 ) .  The top  and bottom 
u n i t s  were f a s t ened  t o  t h e  s k i n  through ho le s  made f o r  t h a t  purpose and 
patched when t h e  senso r  was removed. The vol tage  gradien t  normal t o  the  metal 
s k i n  o f  t h e  a i r c r a f t  a t  each senso r  loca t ion  is  given by 

The same model was used t o  l o c a t e  t h e  

The c a l i b r a t i o n  cons tan ts  t o  b e  used i n  t h i s  equat ion t o  reduce a s e t  o f  
readings f o r  t h e  t h r e e  components of  t h e  e l e c t r i c  f i e l d  and t h e  charge on t h e  
a i r c ra f t  f o r  t h e  senso r  loca t ions  used a r e  l i s t e d  as fol lows:  

4 



Lo ca t ion  

Taxi l i g h t  i n  nose 
Point  F bottom fuse lage  s t a t i o n  284 
S t a t i o n  F top  fuse lage  s t a t i o n  334 
Wing p o i n t  D ( l e f t )  5 i n .  a f t  42 

l i n e  s t a t i o n  240.5 

d,  
(m) -I 

a b C 

8.18 0.592 -1.13 0.628 
- .03  0 -1.81 .159 
-.0208 0 .696 .078 

.428 1.915 -.758 .171 

The cons tan ts  a, b ,  and c a r e  dimensionless because EN,  E, Y Ey: and E, 
have the  same dimensions b u t  d has  u n i t s  of  because VA i s  the  v o l t -  
age t o  which t h e  a i r c r a f t  i s  charged e l e c t r i c a l l y ,  The x, y ,  and z axes 
a r e  a l ined ,  r e spec t ive ly ,  wi th  t h e  f o r e  and a f t ,  t h e  l a t e r a l ,  and t h e  over- 
head d i r e c t i o n s  r e l a t i v e  t o  t h e  a i r c r a f t .  Therefore ,  during s t r a i g h t  and 
l e v e l  f l i g h t  t h e  -z ax i s  and t h e  g rav i ty  fo rce  are a l ined .  Solving t h e  
r e s u l t i n g  f o u r  simultaneous a lgeb ra i c  equat ions y i e l d s  t h e  e lec t r ic  f i e l d s .  
Data from t h e  fou r  e lec t rometers  and t h e  magnetometer were recorded on a s i x -  
channel paper  tape  r eco rde r .  
e l e c t r i c  f i e l d  causes s i g n a l  v a r i a t i o n s  on t h e  senso r s ,  and any abrupt change 
i n  g-load causes a signal t o  b e  generated i n  t h e  MAD sensor .  Therefore ,  
care  was taken during a l l  d a t a  runs t o  keep t h e  a i rcraf t  on a s t r a i g h t  and 
l e v e l  course f o r  a s u f f i c i e n t  time (usua l ly  1 min) b e f o r e  and a f t e r  pass ing  
the  funnel  t o  reduce t h e  p o s s i b i l i t y  of  s i g n a l s  a r i s i n g  from aircraf t  
maneuvers. 

Rota t iona l  motion o f  t h e  a i rc raf t  i n  an 

Operat ional  procedures and manpower requirements o f  t h e  Navy l i m i t e d  t h e  
f l i g h t s  t o  one p e r  day Monday through Friday each be ing  4 t o  6 hours  du ra t ion .  
About one-half  hour  was r equ i r ed  t o  ge t  a i rbo rne  and 15 minutes t o  s h u t  down 
t h e  equipment a f t e r  t h e  wheels touched down. 
usua l ly  requi red  t o  schedule  a f l i g h t ,  it was not  p o s s i b l e  t o  f l y  on a 
moment's n o t i c e  when t h e  weather  looked promising. 
nea r ly  the  same i n  t h e  Key West v i c i n i t y  from May through September it was 
n o t  p o s s i b l e  t o  determine i n  advance which days were promising waterspout 
days and which were no t .  F l i g h t s  scheduled during morning hours were j u s t  
as success fu l  as those  dur ing  the  a f te rnoon.  

Because a one-day l e a d  time was 

Since  t h e  weather i s  

The crew usua l ly  cons i s t ed  of  a p i l o t , '  a c o p i l o t ,  o r  photographer,2 a i&D 
opera tor ,  and an ope ra to r  f o r  t h e  e l ec t rome te r s  and r eco rde r  (usua l ly  the  
au tho r ) .  Once a i rbo rne ,  t h e  p i l o t  would contac t  t h e  Navy r ada r  s t a t i o n  by 
r ad io  t o  i n q u i r e  where clouds with s t r o n g  r a d a r  r e t u r n s  ( i . e . ,  wi th  s i z a b l e  
water content)  were loca ted .  The ESSA Weather Bureau Office a t  t h e  Key West 
I n t e r n a t i o n a l  A i rpo r t  a l s o  provided information on l i k e l y  areas of  waterspout 
a c t i v i t y .  Any promising clouds i n  t h e  l o c a l  area were f irst  flown under and 
around. I t  turned  out  t h a t  t h e  use  of  information and advice given t o  us by 
Professor  Harold G .  Gerr ish ( e .g . ,  refs.  32 t o  35) o f  t h e  Univers i ty  of  M i a m i  
made s i g h t i n g s  from t h e  a i r c ra f t  t h e  most success fu l  way of f ind ing  funnel  
clouds.  Detec tab le  r a d a r  echoes seemed t o  follow t h e  occurrence o f  a 

2W.  A .  Melliar, an A m e s  photographer,  accompanied f l i g h t s  from 15 J u l y  
t o  10 August. 
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waterspout r a t h e r  than t o  precede o r  accompany i t .  
and opera tors  on board were ab le  t o  l o c a t e  l i k e l y  clouds v i s u a l l y .  A s  i s  t o  
be  expected, l o c a t i n g  funnels  with one a i rc raf t  r e s u l t e d  i n  some events  be ing  
missed and i n  t h e  s tudy  of  small funnels  while  l a r g e r  ones were l a t e r  found 
t o  have been i n  progress  elsewhere.  Various r u l e s  of  thumb were found t o  
apply q u i t e  gene ra l ly ,  b u t  eventua l ly  a l l  r u l e s  l a i d  out were v i o l a t e d  by one 
o r  more events .  
o f  t h e  cloud began t o  g e t  f l u f f y  (a s i g n  of  t h e  s t a r t  of  t he  demise of  t h e  
c loud) ,  t h e  a i rc raf t  flew on t o  t h e  next  l i k e l y  area. F l igh t s  were gene ra l ly  
r e s t r i c t e d  t o  wi th in  about 100 miles of Key West, provided t h i s  was not  south 
of  24" N l a t i t u d e  ( i . e . ,  nea r  Cuba). Most of  t h e  waterspouts were found 
wi th in  an a r e a  30 miles  no r th  of  t he  Keys. The reason f o r  t h e  high frequency 
of  funnels  i n  t h i s  l o c a l i t y  appears t o  b e  t h a t  t h e  a i r  i s  w a r m  and moist  
everywhere and t h a t  t h e  land masses a s soc ia t ed  wi th  the  Keys se rve  as a s u f f i -  
c i e n t  h e a t  source t o  i n i t i a t e  s t r o n g  convect ive ac t ion  on t h e  l e e  s i d e  of  t h e  
i s l a n d s .  The wind usua l ly  blows a t  3 t o  10 knots  from t h e  sou theas t  during 
May through September . 

With experience t h e  p i l o t s  

In  genera l ,  i f  a cloud began r a i n i n g  heav i ly  o r  i f  t h e  top  

When any i n d i c a t i o n  of  a water  spout  was s i g h t e d  by an observer ,  and as 
the  a i r c ra f t  approached t h e  s i t e ,  cloud and spout  were photographed, and t h e  
cloud base  was determined with t h e  a i rcraf t  alt imeter.  Upon a r r i v a l  a t  t h e  
event ,  a c love r l ea f  p a t t e r n  (about 2 min on each leg)  was flown around t h e  
spout a t  an a l t i t u d e  of  around th ree - fou r ths  t h a t  o f  t h e  cloud base  s o  t h a t  
t h e  funnel  was c lose  abeam o f  t h e  wing t i p  on each pass ( c ru i s ing  speed 
2 150 kno t s ) .  The s e n s i t i v i t y  of  t he  e lec t rometers  and magnetometer was 
ad jus ted  t o  be  a maximum f o r  a l l  records obta ined .  Whenever t h e  instruments  
i n d i c a t e d  a s i g n a l  of  any unusual form, the  a i r c ra f t  would r e t u r n  t o  t h a t  
area (on t h e  same and on perpendicular  f l i g h t  d i r e c t i o n s )  t o  see i f  the  d a t a  
would r e p e a t ,  o r  t o  s e e  i f  t he  cause could b e  i d e n t i f i e d .  I f ,  a f t e r  fou r  t o  
t en  passes  no s i g n a l s  o f  i n t e r e s t  had been rece ived  and t h e  funnel was 
sma l l e r  than  t h e  a i r c ra f t ,  a pass  would b e  made through t h e  funnel  t o  d e t e c t  
magnetic o r  e l e c t r i c  f i e l d  s i g n a l s .  
common p r a c t i c e  by Navy p i l o t s  s i n c e  be fo re  World War 11. However, t o  do s o  
on l a rge  severe  events  would obviously not  b e  advisable  ( e .g .  , r e f .  3 3 ) .  

Such an adventurous move has  been f a i r l y  

On seve ra l  occasions a f t e r  t h e  e l e c t r i c a l  p a t t e r n  of  t h e  cloud had been 
determined, t he  a i rc raf t  flew t o  about 100 f t  a l t i t u d e  and r e l eased  a s e r i e s  
of  smoke markers on t h e  water s u r f a c e  i n  the  pa th  of  t h e  waterspout .  The 
i n t e r a c t i o n  of  t h e  smoke with t h e  atmospheric vor tex  i n d i c a t e s  t h e  motion of  
t h e  a i r  n e a r  t he  water s u r f a c e  around t h e  waterspout .  

In  t h e  f l i g h t  p a r t  o f  t h e  s tudy ,  it was necessary  t o  e i t h e r  observe t h e  
funnel and cloud a t  a d i s t a n c e ,  t o  move i n  as c l o s e  as p o s s i b l e ,  o r  t o  combine 
t h e  two procedures .  I t  was decided a t  t he  o u t s e t  t o  make passes  c lose  t o  t h e  
funnel ( a t  about one funnel  diameter  away) because t h e  p a s t  experience of  Navy 
p i l o t s  had shown it was safe t o  do s o  and t h a t  t h e  magnetic and e l e c t r i c  
f i e l d s  n e a r  t h e  funnel  a r e  of  i n t e r e s t  i n  most e l e c t r i c a l  t h e o r i e s .  Hence, 
when the  c lose  passes  were made, t h e  funnel and i t s  parent  cloud were not  i n  
view p a r t  of t he  t i m e .  This procedure,  used because t h e  e l e c t r i c a l  d a t a  were 
of primary concern, caused c e r t a i n  observa t ions  t o  b e  overlooked; conse- 
quent ly ,  some d a t a  are lacking  i n  t a b l e  1 (spaces f i l l e d  with U f o r  unknown 
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o r  unobservable) .  
each inc iden t  was r e a l i z e d  because a l l  occur  d i f f e r e n t l y  and most were o f  
s h o r t  dura t ion .  The l a r g e  time l ags  between events  and t h e  n e c e s s i t y  of  
r o t a t i n g  p i l o t s  and crews added t o  the  problem of  prof ic iency  i n  d a t a  
ga ther ing .  

The d i f f i c u l t y  of  maintaining complete d a t a  coverage on 

DISCUSSION OF OBSERVATIONS 

I t  i s  t o  b e  noted t h a t  most of  t he  events  i n , t a b l e  1 are i n  what might 
be  c a l l e d  t h e  funnel  cloud category,  b u t  contac t  wi th  t h e  water by t h e  vor tex  
was seen i n  a l l  cases t h a t  were observable .  Since t h e  purpose of t h e  p r o j e c t  
was no t  r e s t r i c t e d  t o  events  of  a c e r t a i n  s i z e  o r  s t r e n g t h ,  a l l  funnels.  and 
vor tex  p a t t e r n s  s i g h t e d  were recorded and i n v e s t i g a t e d  with t h e  equipment at  
hand. A d i f f e r e n t i a t i o n  between events  w i l l  no t  b e  made he re  because an 
adequate d e f i n i t i o n  of atmospheric v o r t i c e s  i s  f e l t  t o  b e  impossible  a t  t h i s  
time s i n c e  too  l i t t l e  i s  known of  t h e i r  c h a r a c t e r i s t i c s .  For example, 
Webster's d i c t iona ry  (second d e f i n i t i o n )  de f ines  a waterspout  as,  funnel-  
shaped o r  t u b u l a r  column of  r o t a t i n g ,  c l o u d - f i l l e d  wind extending from an 
ord inary  cumulus o r  cumulo-nimbus cloud down t o  a cloud of  spray  t o r n  up by 
wh i r l i ng  winds from an ocean o r  lake." I t  i s  ques t ionable  then whether some 
of  t h e  events  s t u d i e d  should b e  c l a s sed  as waterspouts ,  as water d e v i l s ,  o r  
a s  water-whirlwinds because of t h e i r  s i m i l a r i t y  t o  dus t  dev i l s  and whirlwinds 
over  land. (The Glossary o f  'Meteorology publ i shed  by the  American Meteoro- 
l o g i c a l  Soc ie ty  desc r ibes  a waterspout as a tornado over  water . )  The ambi- 
gu i ty  i n  naming the  var ious  events  i s  f u r t h e r  complicated by t h e  fact  t h a t  
t h e  funnel length  from t h e  cloud and t h e  spray  h e i g h t  generated a t  t h e  water 
s u r f a c e  are h a r d  t o  determine v i s u a l l y  and were found t o  depend on the  view- 
ing  angle and t h e  proximity of  t h e  event .  A 1 1  o f  t h e  events  were unquestion- 
ably atmospheric v o r t i c e s  and it i s  doubtful  t h a t  d i f f e r e n t  processes  were 
involved b u t  r a t h e r  t h a t  t h e  d i f f e r i n g  circumstances caused t h e  events  t o  
have d i f f e r e n t  c h a r a c t e r i s t i c s .  For convenience, t h e r e f o r e ,  a l l  t h e  observa- 
t i o n s  w i l l  b e  r e f e r r e d  t o  h e r e  as waterspouts  o r  spou t s ,  v o r t i c e s ,  events ,  
and whirlwinds in te rchangeably .  The var ious  f e a t u r e s  of  t h e  waterspout 
funnels and pa ren t  clouds are descr ibed  i n  t h e  fol lowing subsec t ions ,  be fo re  
t h e  e l e c t r i c a l  measurements are d iscussed  because t h e  funnel  and cloud 
c h a r a c t e r i s t i c s  a r e  be l i eved  t o  have a bea r ing  on t h e  e l e c t r i c a l  
p r o p e r t i e s  observed. 

Funne 1 

Shape- When f l y i n g  a t  about 1000 f t  a l t i t u d e ,  i t  i s  q u i t e  easy t o  
i d e n t i f y  l i k e l y  vortex a c t i v i t y  by e i t h e r  a funnel  s t a r t i n g  down from a cloud 
base o r  by a vo r t ex  p a t t e r n  on the  water. 
inexperienced crew members could r e a d i l y  d i s t i n g u i s h  succeeding occurrences 
from r a i n ,  v i r g a ,  o r  o t h e r  cloud pendants by t h e  t y p i c a l l y  smooth walls and 
the  usua l ly  square lower end o f  t he  funnel  (see f i g .  5) during t h e  e a r l y  
phases of  t h e  event .  
on the  water under them, although the  r o t a t i o n a l  v e l o c i t y  was too weak on 

After see ing  only one event ,  

A l l  funnels  seen from t h e  a i rc raf t  had a vor tex  p a t t e r n  
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several occasions (e .g . ,  1 Aug. 1968) t o  i d e n t i f y  a d i r e c t i o n  o f  r o t a t i o n .  
When t h e  vo r t ex  i s  s t r o n g ,  t h e  d i r e c t i o n  of r o t a t i o n  i s  e a s i l y  noted by t h e  
r o t a t i o n  o f  t h e  spray  generated ( f i g .  6) and by t h e  o f f s e t  o f  t h e  vo r t ex  wake 
( f i g .  7) i n  t h e  water due t o  the  motion-rotat ion i n t e r a c t i o n .  O f  t h e  v o r t i c e s  
t h a t  were observable ,  30 r o t a t e d  cyc lon ica l ly  and 9 a n t i c y c l o n i c a l l y .  

The v a r i a t i o n  i n  t h e  s t r e n g t h  o f  t h e  v o r t i c e s  along t h e i r  l ength  between 
t h e  water s u r f a c e  and t h e  cloud was, i n  t h r e e  cases ,  such t h a t  a funnel  was 
no t  apparent  a t  t h e  cloud base  and, i n  one o t h e r  case ,  a pa ren t  cloud was no t  
p re sen t  a t  a l l .  These r e s u l t s  sugges t  t h a t  t h e  s t r e n g t h  of  t h e  vor tex  is  no t  
always cons tan t  a long the  column and t h a t  t h i s  v a r i a t i o n  i s  d i f f e r e n t  f o r  
d i f f e r e n t  events .  That i s ,  i n  some cases ,  t h e  vor tex  i s  s t r o n g e r  nea r  t h e  
cloud than  a t  t h e  s u r f a c e ,  and a t  o t h e r  times t h e  s i t u a t i o n  i s  reversed .  
Corresponding v a r i a t i o n s  with a l t i t u d e  i n  t h e  angular  momentum of a i r  e n t e r -  
i ng  t h e  vo r t ex  probably accounts f o r  t h e  v a r i a t i o n  of  vor tex  s t r e n g t h  with 
a l t i t u d e .  A s  an example of  t h e  p o s s i b l e  v a r i a t i o n s ,  one of t h e  funnel clouds 
of  1 August 1968 extended a cons iderable  d i s t a n c e  t o  t h e  water with a b a r e l y  
p e r c e p t i b l e  water  mark ( a  smooth o r  po l i shed  c i r c u l a r  a r e a ) .  
l i m i t ,  a funnel cloud was no t  apparent on 20 August 1968, even though the  
vo r t ex  was s t r o n g  enough a t  t he  s u r f a c e  t o  ca r ry  spray over  one-half  o f  t h e  
d i s t a n c e  t o  t he  cloud. Although t h i s  water -devi l  was loca ted  under a ' c l o u d ,  
another  s imilar  vo r t ex  was observed by t h e  p r o j e c t  o f f i c e r ,  L t .  J .  F .  
F i t zge ra ld ,  on 29 August 1968 when t h e  only cloud i n  t h e  a r e a  was a l i g h t  
c i r r u s  deck a t  20,000 f t  (-6,000 m). 

A t  t he  o t h e r  

The shape of  t h e  ax i s  of t he  vor tex  a l s o  va r i ed  over  wide l i m i t s ,  from a 
n e a r l y  s t r a i g h t  l i n e  between cloud and water, t o  a se rpen t ine  form which had 
what appeared t o  be  fou r  r i g h t  angles sepa ra t ed  by equal  s t r a i g h t - l i n e  seg-  
ments (event on 11 June 1968). Some axes were nea r ly  s t r a i g h t  and v e r t i c a l  
while  o the r s  were ben t  o r  i n c l i n e d  a t  45" o r  more ( f i g .  8 ) .  One of  t he  
funnels  observed from USCGC ARIADNE (29 J u l y  1967) made a complete U-turn s o  
t h a t  it appeared t o  r e e n t e r  t he  cloud f o r  about 1 min. 

No cases were found i n  which t h e  funnel o r  spray  was unsymmetrical about 
Each vor tex  was d i f f e r e n t  i n  some re spec t  and many contained t h e  a x i s .  

c y l i n d r i c a l  s t r a t i f i c a t i o n  ( f i g s .  9 and 10) t o  some degree.  Cen t r i fuga l  
s e p a r a t i o n  of  water d rop le t s  and v e l o c i t y  v a r i a t i o n s  i n  the  core  could 
account f o r  one o r  two dark cy l inde r s ,  b u t  t h e  many l aye r s  shown i n  f i g u r e  10 
appear t o  i n d i c a t e  add i t iona l  organiz ing  o r  s e p a r a t i n g  mechanisms. 
c y l i n d r i c a l  s t r a t i f i c a t i o n  from cloud t o  s u r f a c e  has been observed i n  the  
p a s t  (e .g . ,  refs. 37 and 38) and appears t o  be  common when l i g h t i n g  i s  favor-  
ab le .  Whether it e x i s t s  f o r  a pe r iod  i n  a l l  l a r g e  waterspouts  i s  ques t ion-  
ab le  because r a t h e r  thorough observa t ions  on some waterspouts  d id  not  de t ec t  
such an e l a b o r a t e  s t r a t i f i c a t i o n  ( r e f s .  39 and 36).  This organiza t ion  
sugges ts  t h a t  a i r  motions a r e  laminar and turbulence  appears t o  b e  r e s t r i c t e d  
t o  t h e  v i c i n i t y  o f  t h e  vortex-water  contac t  reg ion .  Very l a r g e  waterspouts  
o r  events  over  rough t e r r a i n  may have l e s s ,  i f  any, laminar flow. Cy l ind r i -  
cal s t r a t i f i c a t i o n  found by Turner ( r e f .  40) f o r  a labora tory  vor tex  may b e  
due t o  r e c i r c u l a t i o n  of  the  f l u i d  and i s  t h e r e f o r e  probably no t  r e l a t e d  t o  
t h a t  shown i n  f i g u r e  10.  

Such 
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Veloci ty-  The v e l o c i t y  l i s t e d  i n  t a b l e  1 i s  a lower bound ca l cu la t ed  
from t h e  funnel  length  according t o  appendix B.  No r e l a t i o n s h i p  was found 
between t h e  s t r e n g t h  o r  v e l o c i t y  of  r o t a t i o n  of  t h e  vor tex  and i t s  s i z e ,  nor  
was the  s t r e n g t h  and v e l o c i t y  r e l a t e d  t o  the  s i z e  o r  shape of  t h e  cloud. 
Rather,  t h e  phases of  t h e  waterspouts  suggest  a much l a r g e r  i n i t i a l  diameter 
a t  t he  cloud base  than a t  the  s u r f a c e  b u t  t he  funnel  becomes more nea r ly  
c y l i n d r i c a l  as t h e  vo r t ex  ages ( f i g .  1 1 ) .  Also,  t h e  square lower end ( f i g .  5) 
o f t e n  becomes more nea r ly  poin ted  i n  l a t e r  s t a g e s  i f  it does not  extend t o  t h e  
su r face ,  sugges t ing  t h a t  t h e  a i r  with low angular  momentum has been expel led  
upward i n t o  t h e  cloud. A funnel t h a t  appears weak a t  a d i s t ance  i s  o f t e n  
found (when the  crew has a c lose  look a t  t he  vortex)  t o  have a high-speed 
core t h a t  produces a low-density funnel  a l l  t h e  way t o  t h e  s u r f a c e  and r a i s e s  
cons iderable  spray  (e.g.  , f i g .  6 ) .  A po in ted  lower end and t h e  change i n  
appearance wi th  d i s t a n c e  o f  observa t ion  from t h e  vo r t ex  are a l s o  i l l u s t r a t e d  
i n  f i g u r e  12 f o r  a tornado.  Note t h e  s i m i l a r i t y  i n  cloud s t r u c t u r e  and r e l a -  
t i onsh ip  t o  funnel  shown i n  f i g u r e  12(a)  with the  waterspout  p i c t u r e d  i n  
f i g u r e  6 ( a ) .  

In  keeping wi th  v o r t i c e s  cons t ruc ted  with a s i n g l e  cy l inde r ,  many events  
were noted t o  have a calm cen te r  s epa ra t ed  by a r i n g  of  a g i t a t e d  water  from 
t h e  rest of the  wave p a t t e r n  on the  sea ( f i g .  7 ) .  Considerat ion o f  t h e  c i r -  
c u l a r  v e l o c i t y  v ,  dynamic pressure  q = 1/2pv2, and work c a p a b i l i t y  vq f o r  
a Rankine vor tex  shows t h a t  t he  calm eye surrounded by a tu rbu len t  r i n g  i s  
reasonable .  That i s ,  i f  

then,  t he  curves o f  v,  v2 ,  and v3 
v e l o c i t y  of  r o t a t i o n  reaches and exceeds a c e r t a i n  c r i t i c a l  value (es t imated  
a t  30-50 m / s ) ,  t h e  sp ray  generated on the  water inc reases  r ap id ly  ( c f .  
f i g s .  6 and 7) .  

appear as i n d i c a t e d  i n  f i g u r e  13. A s  t he  

As mentioned p rev ious ly ,  smoke flares were dropped on the  water nea r  
s e v e r a l  waterspouts  t o  s e e  i f  s t r eaml ines  could b e  t r aced .  Although t h e  
smoke d i f f u s e d  r a p i d l y ,  it d id  i n d i c a t e  t h e  flow p a t t e r n  on s e v e r a l  events ,  
t h e  b e s t  o f  which i s  shown i n  f i g u r e  14. A s  expected,  t he  cyc lonic  flow 
f i e l d  of t h e  vor tex  i s  much l a r g e r  than t h e  funnel .  Also t h e  smoke t r a i l  
i n d i c a t e s  c l e a r l y  an inf low with r o t a t i o n  ( s ink-vor tex  combination).  A quan- 
t i t a t i v e  estimate from t h e  photograph f o r  t h e  s t r e n g t h  o f  t h e  vortex-sink 
r e l a t i o n s h i p  (i . e . ,  r a d i a l  inf low velocity/circumferential v e l o c i t y  21/16) 
i s  u n r e l i a b l e  because t h e  vor tex  was moving upwind a t  an unknown v e l o c i t y .  

The waterspouts  u s u a l l y  appeared t o  b e  s t a t i o n a r y  during the  i n i t i a l  o r  
e a r l y  p a r t  of  t h e i r  l ives  unless  rainshowers were nearby.  Then, o r  l a t e r  on 
and u n t i l  t h e  spouts  q u i t ,  they would o f t e n  move over  t h e  water a t  speeds of  
about 60 kno t s .  No s i n g l e  p r e f e r r e d  d i r e c t i o n  of  motion was apparent .  Some- 
times the  vo r t ex  on t h e  water would make a c i r c l e  o r  wander a imless ly .  This  
e r r a t i c  behavior  coupled wi th  t h e  motion of  t h e  a i r c ra f t  made it  d i f f i c u l t  t o  
p l ace  the  smoke flares on t h e  water where des i r ed .  The bottom end of  t h e  
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funnel  u sua l ly  moves away from any rainshowers nearby because of  a i r  
en t r a ined  by t h e  r a i n .  Hence, funnels nea r  r a i n f a l l  lean s o  t h a t  t h e i r  tops 
a r e  n e a r e r  t o  t h e  r a i n  than a re  t h e  bottom ends.  

Demise of  waterspouts-  Waterspout funnels  were observed t o  have t h e i r  
demise i n  t h r e e  d i f f e r e n t  ways. 

(1) Funnel withdraws i n t o  cloud as if a i r  with angular  momentum was 
deple ted  o r  updra f t  was terminated.  

(2)  Funnel merges with rainshower and disappears  from view because of 
dens i ty  of  r a i n  o r  because r a i n f a l l  overcomes vo r t ex  o r  updra f t  motion o r  
both (see f i g .  15 ) .  

( 3 )  A l i g h t n i n g  b o l t  bes ide  a funnel caused t h e  funnel  t o  break i n t o  
p ieces  as i f  made o f  g l a s s .  This  happened on one occasion (9 Aug. 1967). 
The p i eces  then evaporated i n  about 1 min (see f i g .  16) .  

On no occasion d id  f l y i n g  t h e  a i rc raf t  i n  o r  n e a r  a funnel d i s r u p t  t h e  funnel  
long enough t o  b e  observed. This i n d i c a t e s  t h a t  r e p o r t s  o f  breaking  up water- 
spouts  with cannon f i r e  were coincidences and i n  s e a  s t o r i e s  o f  so -ca l l ed  
"vent ing of  t h e  funnel" d id  not  cause t h e  demise of  t h e  spout .  The l a r g e  
ex ten t  of  t h e  flow f i e l d  o f  t h e  vo r t ex  shown by t h e  smoke f l a r e  i n  f i g u r e  1 4  
i n  comparison with t h e  s i z e  of  any turbulence o r  v o r t i c i t y  t h a t  could b e  
generated by t h e  a i r c ra f t  sugges ts  t h a t  a veh ic l e  of  cons iderable  s i z e  and 
d is turbance  energy would b e  requi red  t o  d i s r u p t  even a small water spout  
un less  t he  d is turbance  found a s e n s i t i v e  s p o t  on o r  n e a r  t h e  funnel .  The 
reason why t h e  l i g h t n i n g  b o l t  apparent ly  caused t h e  r a p i d  d i s i n t e g r a t i o n  o f  a 
funnel  on 9 August 1967 is  unknown b u t  t h e  occurrence sugges ts  t h a t  such a 
s e n s i t i v i t y  may e x i s t  i n  t hese  atmospheric v o r t i c e s .  

Parent  Cloud 

Most waterspout funnels  occurred under i s o l a t e d  cumulus clouds t h a t  had 
tops around 6,000 t o  10,000 f t  (1,800 t o  3,000 m) and bases  a t  800 t o  
2,500 f t  (240 t o  750 m) ( e .g . ,  f i g .  6 ) .  Another group was found under low 
cel ls  ( tops 6,000 t o  10,000 f t )  a t  t he  end o r  i n  t h e  middle o f  a row of  
clouds wherein some had tops  i n  excess of  25,000 f t  ( e . g . ,  f i g s .  17 and 18) 
and some of  which had a n v i l s .  No funnels  were found under t h e  l a r g e  clouds 
o r  cel ls  themselves when tops could b e  seen t o  exceed about 15,000 f t .  When 
t h e  funnels  occurred i n  c e l l s  n e a r  t a l l  clouds ( e .g . ,  f i g .  IS ) ,  l i g h t n i n g  and 
r a i n f a l l  were o f t e n  p resen t  i n  and under t h e  l a r g e  c e l l s  b u t  d i d  no t  appear 
i n  t h e  pa ren t  ce l l  u n t i l  t h e  funnel  had disappeared and t h e  top  had grown 
f u r t h e r .  In  a l l  cases the  funnel  was very small i n  comparison with t h e  s i z e  
of  t h e  cloud o r  ce l l .  A rainshower would o f t e n  s t a r t  while  t h e  funnel  was 
s t i l l  i n  ex i s t ence  and t h e  two would sometimes merge. A t  no time d i d  t h e  
r a i n  s t o p  and a funnel  form af terward.  
and clouds f o r  t h e  waterspout  appears t o  resemble t h a t  shown f o r  tornadoes i n  
f i g u r e  7 of Fulks ( ref .  4) o r  perhaps i n  Bates ( r e f .  41) r a t h e r  than t h a t  i n  

The r e l a t i o n s h i p  between t h e  funnel  
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Browning ( r e f s .  27 and 2 8 ) .  Comparison of t h e  events  shown i n  f i g u r e s  6 (a )  
and 12(a) sugges ts  t h a t  tornado and waterspout  events  can resemble one 
another ,  a t  l eas t  on occasion.  

I n  the  remainder o f  t h i s  s e c t i o n  some general  c h a r a c t e r i s t i c s  and 
s e v e r a l  unusual occurrences w i l l  b e  descr ibed .  One case, f e l t  t o  b e  unusual,  
occurred on 8 August 1968 a f t e r  t h e  d a i l y  f l i g h t  had been completed a t  
1810 EDT. 
clouds whose depths were less than t h e  d i s t a n c e  of  t h e i r  bottoms from t h e  s u r -  
face  (see f i g .  19) .  The tops  of  t h e  clouds appeared s o f t  o r  f l u f f y ,  i n d i -  
ca t ing  subsidence o r  a t  l eas t  not  r a p i d  growth. A f t e r  t he  f o u r  spouts  
(extending one-fourth t o  one - th i rd  of t h e  way t o  t h e  su r face )  disappeared 
(about 20 min t o t a l ) ,  t h e  ce l l  tops over  t h e  spout  l oca t ions  swel led  upward 
growing r a p i d l y  f o r  about 5 min. 
r a i n  d i d  n o t  f a l l  and t h e  cloud growth d i d  no t  progress  above about 6,000 f t .  
The foregoing sequence i n d i c a t e s  t h a t  t h e  buoyancy o f  t h e  l o c a l  a i r  i n  t h e  
vor tex  d r ives  i t  and t h i s  a i r  reaches t h e  cloud top  a f t e r  it has passed 
through t h e  event .  I f  such is  t h e  case ,  hooks o r  eyes seen i n  r a d a r  echoes,  
when waterspouts  and tornadoes occur ,  must b e  a s soc ia t ed  wi th  a i r  t h a t  has  
r i s e n  beyond the  vor tex  and t h e r e f o r e  fol lows r a t h e r  than accompanies t h e  
event  - e s p e c i a l l y  if t h e  funnel i s  of s h o r t  du ra t ion .  S p i r a l  r a i n  p a t t e r n s  
under clouds were a l s o  found t o  occur  on occasion (e . g .  , f i g .  20) even though 
a waterspout was no t  observed p r i o r  t o  o r  fol lowing t h e  r a i n  p a t t e r n .  

Four waterspouts  were seen i n  success ion  as they appeared from 

From t h e  observa t ion  p o i n t ,  it appeared t h a t  

Although t h e  clouds wherein waterspouts  were observed were usua l ly  
i s o l a t e d  cumulus, a number of  events  were seen  from rows of  clouds o r  from a 
continuous l i n e  of  convect ive ce l l s .  In  such cases  ( e s p e c i a l l y  8 Aug. 1968, 
s e e  f i g s .  17  and 18 ) ,  ce l l s  would form a t  one end of  t h e  chain and grow t o  
the  s i ze  of  t h e  r e s t  of t h e  clouds w.ith new cel ls  forming i n  sequence s o  t h a t  
a graduated system was always p re sen t .  
var ious new cells as they reached a c e r t a i n  s i z e  ( top  -4 t o  8,000 f t )  and 
then t h e  spout  would d isappear  when t h e  tops approached o r  exceeded about 
12,000 f t .  Motion of  t h e  complex of clouds and t h e  formation of  t h e  new 
c e l l s  with t h e  v o r t i c e s  forming i n  sequence would g ive  a track f o r  t h e  succes-  
s i v e  v o r t i c e s  which would b e  broken segments p a r a l l e l  t o  each o t h e r  and 
a l i n e d  o r  o f f s e t  depending on whether t h e  wind was p a r a l l e l  t o  t h e  c loud- l ine  
o r  o f f s e t  i n  much t h e  way t h a t  has  been observed f o r  tornadoes.  

Waterspouts would appear i n  t h e  

While observers  wai ted f o r  waterspouts  t o  occur ,  they  surveyed t h e  a i r  
temperature p r o f i l e  us ing  t h e  a i rcraf t  thermometer. Typical readings a r e  
presented  i n  t h e  t a b l e  on t h e  next  page. 

F l i g h t s  were a l s o  made over and through t h e  tops  of  low cumulus c e l l s  
developing i n  t h e  area t o  f i n d  out  i f  t h e  clouds were e l e c t r i f i e d .  The a i r  
i n  t h e  tops was f r equen t ly  composed o f  a l a r g e  number of  small d rop le t s  t h a t  
bathed the  a i rcraf t  as i f  it were i n  a moderate rainshower.  Rain f e l l  from 
clouds t h a t  had tops  as low as 5,000 t o  6,000 f t  b u t  e l e c t r i c  f i e l d s  were not  
found u n t i l  t h e  tops  exceeded 10,000 f t  (- +13C) and l i g h t n i n g  d i d  not  occur  
u n t i l  t h e  tops  were over  13,000 t o  15,000 f t  (T = + 3 C ) .  

11 



Aircraft  I Temperature, O C  

altimeter, 
f t  

' 

7 August 1968 

0 
500 

1,000 
1,500 
2 , 000 
2 , 500 
3,000 
3 , 500 
4,000 
4 , 500 
5,000 
5,500 
6,000 
6,500 
7,000 
7,500 
8,000 
8,500 
9,000 
9,500 

10,000 

29 
28 
26.5 
26 
25 
24 
23.5 
22 
2 1  
20.5 
20 
19.5 
19 
17 
16 
16 
15.5 
15 
14 
1 3  
1 2  

14 August 1968 

30 
29 
28 
27 
26 
25 
24 
23 
2 2  
2 1  
20 
20 
19 
18 
17 
16 
15 
1 4  
14  
13  
1 2  

24  September 1968 

30 
29 
27 
25.5 
24 
24.5 
23 
2 2  
21 
20 
20 
19.5 
19 
16.5 
15 
15 
15 
14 
12.5 
11 
'1 1 

A s  meQtioned by o t h e r  observers  o f  waterspouts  , cloud condi t ions  
favorable  f o r  waterspouts  tend t o  form downwind from land ( t h e  Keys) and t h e  
more a c t i v e  areas were a s soc ia t ed  with l a r g e r  land  masses ( i . e .  , Key West 
v i c i n i t y  and n e a r  Marathon). Waterspouts d i d  n o t  occur  on overcas t  days, n o r  
on days when the  temperature was n e a r l y  cons tan t  f o r  1,000 t o  2,000 f t  i n  t h e  
5,000 t o  8,000 f t  l eve l .  The most product ive  days were those  wherein sky was 
c l e a r  except f o r  s t r o n g ,  s c a t t e r e d  rainshowers .  Spouts occurred while  t h e  
clouds were forming. Once a cloud s t a r t e d  r a i n i n g  profuse ly  no events  were 
found . 

Some s imi la r i t i es  appear t o  e x i s t  between waterspout  and tornado clouds , 
a t  l e a s t  on occasion.  The general  form, depth,  e t c . ,  o f  t h e  c e l l  configura-  
t i o n s  shown i n  f i g u r e s  6 (a )  and 12(a)  c l o s e l y  resemble one another  even 
though f i g u r e  6 (a )  i s  a cloud over  water  a t  s e a  l e v e l  and t h e  tornado i n  f i g -  
ure  1 2  i s  over  land  a t  8,000 f t  e l eva t ion .  (The tornado occurred while  
TenBroek and Seashore ( r e f .  42) were s tudying  s torm f r o n t s  over  Colorado.) 
Although the  photographs of  t h e  Wichita Fal ls  tornado a r e  very good ( r e f .  43) , 
n o t  enough i s  shown o f  t h e  pa ren t  cloud t o  compare it with waterspouts .  I t  
would be  i n t e r e s t i n g  t o  compare clouds over  a number of  tornado events  t o  see 
i f  s imi la r i t i es  p e r s i s t  o r  what d i f f e r e n c e  can b e  found i n  t h e  cloud s t r u c -  
t u r e .  The photographs should inc lude  t h e  tornado and pa ren t  clouds at  a d i s -  
t ance  f a r  enough t o  inc lude  most of t he  cloud and c l o s e  enough t o  s e e  t h e  
funnel  c l e a r l y .  S ince  t h e  waterspout clouds observed were a l l  too  low t o  
i n t e r a c t  with a j e t  stream, a r e l a t i o n s h i p  of  t h e  l a t t e r  with the  waterspout  
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occurrence,  such as has  been considered f o r  tornadoes ( r e f .  31) ,  is u n l i k e l y ,  
Radar s t u d i e s  of funnel-cloud combinations such as  t h e  one made by Hiser 
( r e f .  44) a r e  a l s o  necessary  i n  comparing waterspouts  and tornadoes.  

Funnels appeared from cloud bases  t h a t  were both  smooth and had 
cons iderable  v i r g a  (e .g . ,  f i g s .  5, 6 ,  and 1 8 ) .  A cloud base  with a l a r g e  
s e c t i o n  p ro t rud ing  downward u s u a l l y  produced a heavy rainshower ( f i g .  1 8 ( b ) ) .  
While on board t h e  Coast Guard C u t t e r s ,  it was noted t h a t  a l l  clouds t h a t  
spawned spouts  gave good r a d a r  r e t u r n s ,  i n d i c a t i n g  t h e  presence o f  water-  
d rop le t s ,  and only a very few (e .g . ,  19 Aug. 1968) d i d  no t  produce a r a i n -  
shower whi le  t h e  funnel  e x i s t e d  o r  s h o r t l y  af ter .  The a i r  under pa ren t  clouds 
was q u i t e  smooth and a s l i g h t  roughness ( l i k e  a bumpy road) was experienced 
as the  a i r c r a f t  flew through the  smaller even t s .  On s e v e r a l  occasions ( e .g . ,  
18 J u l y  1968) a d e f i n i t e  yaw and r o l l  o f  about 5' each was experienced as t h e  
a i r c r a f t  went through t h e  vor tex .  
under a cloud was rough and t u r b u l e n t ,  no r  on windy days (V > 10 knots)  with 
waves over  3 f t .  Downdrafts noted s e v e r a l  times n e a r  a funnel  may have been 
due t o  ra in- induced subsidence o f  t h e  a i r  o r  due t o  a i r  drawn downward by a 
low p res su re  reg ion  between t h e  cloud base  and t h e  s u r f a c e  brought  about by 
spin-up of  t h e  vo r t ex .  

Waterspouts d i d  n o t  appear when t h e  a i r  

ELECTRIC AND MAGNETIC FIELDS 

I n  t h e  p a s t ,  d a t a  on t h e  e l e c t r i c a l  n a t u r e  o f  atmospheric v o r t i c e s  have 
been obta ined  on an acc iden ta l  o r  co inc iden ta l  b a s i s  wi th  t h e  except ion o f  
some measurements on dus t  d e v i l s  (Bradley, re f .  45; € r o z i e r ,  ref .  46; Freier, 
ref .  47; Lamberth, ref .  48; S i n c l a i r ,  ref. 49) .  Reports gathered by Vonnegut 
and h i s  a s s o c i a t e s  (Thorar insson,  re f .  50; Vonnegut, refs. 5-8) a r e  evidence 
of  e lec t r ica l  a c t i v i t y  b u t  s i n c e  t h e  f i e l d s  were no t  measured, t h e  r e l a t i o n -  
s h i p  between t h e  vor tex  and e l e c t r i c i t y  i s  unce r t a in .  
ground cu r ren t  measurements made by Boucher and r epor t ed  by Brook3 ( r e f .  13) 
provide some d a t a  on t h e  e l ec t r i c  cu r ren t  c h a r a c t e r i s t i c s  , b u t  u n c e r t a i n t i e s  
i n  the  p o s i t i o n  r e l a t i v e  t o  t h e  funnel  and cloud make it d i f f i c u l t  t o  i n t e r -  
p r e t  and apply t h e  measurements. These measurements and observa t ions  made 
acc iden ta l ly  provided a s t r o n g  s t imulus  and a guide f o r  making a sys t ema t i c  
attempt t o  ob ta in  e l e c t r i c  and magnetic f i e l d s  n e a r  atmospheric v o r t i c e s .  

Magnetic f i e l d  and 

An order-of-magnitude ana lys i s  is  p resen ted  i n  appendix A f o r  s e v e r a l  
e l e c t r i c a l  t h e o r i e s  f o r  tornadoes and t h e  r e s u l t s  a r e  p re sen ted  i n  f igu re  2 1 .  
The t h e o r e t i c a l  work y i e l d s  only t h e  exponent o f  t h e  v a r i a t i o n  o f  t h e  magnetic 
f i e l d  with diameter .  
depar ture  f o r  a l l  t h e  curves was chosen where 
( l y =  gauss) because a number o f  events  about 10 m i n  diameter  were found 
no t  t o  have a d e t e c t a b l e  magnetic anomaly" ( i . e . ,  B s 0 . 0 1 ~ ) .  

To provide a g raph ica l  r e p r e s e n t a t i o n ,  t h e  po in t  o f  
D = 10 m and B = 0 . 0 1 ~  

The d a t a  are 
~~ ~ ~ _ _ ~  -- 

"ee foo tno te  1, page 2. 
4The s i g n a l s  provided by t h e  MAD equipment a r e  r e f e r r e d  t o  as magnetic 

anomalies because t h e  f i l ters  and senso r  a re  such t h a t  on ly  changes i n  t h e  
magnetic f i e l d  component along t h e  e a r t h ' s  f i e l d  d i r e c t i o n  a re  r e g i s t e r e d  if 
they a re  between 0.075 and 0.75 cps . 
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shown as r a t h e r  l a r g e  e l l i p s e s  t o  i n d i c a t e  t h e  probable  e r r o r  due t o  known 
sources  o f  u n c e r t a i n t i e s  a s soc ia t ed  wi th  each. If t h e  s i g n a l s  r e s u l t  from, o r  
are a s soc ia t ed  wi th ,  o t h e r  phenomena i n  t h e  area (e.g., changes i n  aircraft  
a l t i t u d e  o r  a c t i v i t y  i n  nearby c louds) ,  then t h e  i n t e r p r e t a t i o n  must b e  
a l t e r e d  accord ingly .  No da ta  are shown f o r  t h e  1968 f l i g h t  program wherein t h e  
a i rcraf t  was instrumented wi th  both  e l ec t rome te r s  and a magnetometer. One rea- 
son is  t h a t  no l a r g e ,  s eve re  events  were encounted during t h a t  time. 
events  found, t h e  e l ec t r i c  and magnetic f i e l d s  usua l ly  could b e  a t t r i b u t e d  t o  
causes o t h e r  than t h e  a c t i v i t y  a s soc ia t ed  wi th  t h e  atmospheric v o r t i c e s .  
Some o f  t hese  are: 

In  t h e  

(1) Charging o f  t h e  a i rcraf t  due t o  i t s  pass ing  through p r e c i p i t a t i o n  
(see f i g .  22 (a ) ) ;  

(2) Lightning and charges i n  o t h e r  clouds ( see  f i g s .  4 and 22(b) ) ;  

(3) A l t i t u d e  changes ( f i g .  22(c) )  and rough a i r  ( f i g .  4) which affect  
t h e  magnetometer b u t  no t  t h e  e l ec t rome te r  readings ; 

(4) Turning e l e c t r i c a l l y  dr iven  cameras on or o f f  ( f i g .  2 2 ( a ) ) ;  and 

(5) Rol l ,  yaw, o r  p i t c h  o f  a i r c r a f t  i n  t h e  presence of  an e l e c t r i c  f i e l d  
( r e s u l t s  i n  c ross  coupl ing o f  components) ( see  f i g .  22 (c ) ) .  

These false s i g n a l s  could usua l ly  b e  i d e n t i f i e d  by making repea ted  passes  o r  
by checking t h e  gear  under o t h e r  condi t ions .  S ince  4 t o  10 passes  were made 
on each funnel ,  it was p o s s i b l e  t o  check r a t h e r  thoroughly any promising 
s i g n a l s .  

The d a t a  which could no t  b e  d iscarded  o r  a t t r i b u t e d  t o  o t h e r  causes a r e  
those  o f  Brook ( r e f .  13) and t h r e e  events  i n  1967. Samples o f  t h e  magnetic 
tapes  f o r  t h e  f l i g h t  d a t a  ( f i g .  22) show t h a t  an experienced ope ra to r  i s  
r equ i r ed  t o  d i sce rn  an a u t h e n t i c  magnetic s i g n a l  i f  it i s  weak, and even then 
t h e  v a l i d i t y  of  t h e  s i g n a l  i s  ques t ionable .  The d a t a  a r e  inc luded  i n  f i g -  
ure  21  because t h e r e  i s  no good reason t o  say  they a r e  n o t  v a l i d  b u t  t h e  
curves are no t  well enough def ined  t o  use i n  a c a l c u l a t i o n .  

Whenever l a r g e  clouds were i n  t h e  area around o r  n e a r  a waterspout cloud, 
l i g h t n i n g  was o f t e n  i n d i c a t e d  on t h e  d a t a  t ape  ( f i g s .  4 and 22(b)) by both a 
n e a r  d i s c o n t i n u i t y  i n  t h e  e l ec t r i c  f i e l d  components and by a pu l se  i n  the  
magnetic anomaly. The l i g h t n i n g  b o l t s  seen  were usua l ly  a t  a d i s t ance  of  2 
t o  10 miles from t h e  funnel  and i n  only one case  (9 Aug. 1967; number 16) d i d  
a l i g h t n i n g  b o l t  occur  nea r  a funnel  o r  i t s  pa ren t  ce l l .  This funnel  was t h e  
t h i r d  i n  a series of  f o u r  from t h e  same cloud bank. A s  t h e  C u t t e r  ACTIVE 
passed under t h e  cloud, t h e  funnel  and t h e  spray  a t  t h e  s u r f a c e  could b e  seen  
c l e a r l y  through b inocu la r s  (d i s t ance  es t imated  a t  3 t o  5 mi). While Harold 
elements o f  A m e s ,  s e v e r a l  members o f  t he  crew, and t h e  au thor  were watching 
t h e  funnel  through b i n o c u l a r s ,  a s i n g l e  s t r o k e  appeared bes ide  t h e  funnel-  
cloud junc tu re  as ske tched  i n  f i g u r e  16. Within about a second t h e  funnel  
appeared t o  have seams o r  t o  have broken i n t o  p i eces  ( l i k e  a g l a s s  lampshade). 
The p i eces  d r i f t e d  apa r t  s l i g h t l y  as they evaporated.  (The v i s i b l e  funnel  
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extended over  halfway t o  t h e  water . )  
funnels ,  t h e  radioman noted  t h a t  h i s  r ad ios  were e s s e n t i a l l y  jammed with 
s t a t i c .  An oppor tuni ty  t o  view t h e  s u p e r s t r u c t u r e  o f  t he  cloud d i d  not  come 
because o t h e r  clo-uds obs t ruc t ed  t h e  view. Fur ther  d a t a  are not  a v a i l a b l e  t o  
determine whether, o r  t h e  manner i n  which, t h e  l i g h t n i n g  b o l t  caused t h e  
demise of  t h e  spout .  

During t h e  time of  appearance o f  t h e  

Only s i x  o f  t h e  1968 events  had an e l ec t r i c  f i e l d  over  100 V/m ( t h r e e  a t  
about 2,000 V/m, two a t  about 20,000 V/m,  and one a t  about l o 5  V/m) assoc i -  
a t ed  with clouds i n  t h e  v i c i n i t y  of  t h e  funnel  and none were a t t r i b u t e d  t o  
charges o r  cu r ren t s  w i th in  about one-half  mile  of  t h e  funnel .  Lightning 
s t r o k e s  were ind ica t ed  by t h e  instruments  while  nea r  spouts  on f o u r  occasions 
bu t  i n  only one in s t ance  could t h e  s t r o k e s  have been i n  t h e  cloud o r  c e l l  
over the  vo r t ex  ( a  funnel  cloud was no t  apparent i n  t h i s  case even though the  
water spray  rose  halfway t o  the  c loud) .  

The low a l t i t u d e  ( i . e . ,  between 8,000 and 12,000 f t  (2440 t o  3650 m)) 
observed f o r  t h e  top  o f  t h e  pa ren t  cloud over  t h e  vo r t ex  was  found t o  b e  
below t h e  a l t i t u d e  f o r  which apprec iab le  cloud e l e c t r i f i c a t i o n  occurs .  
Because t h e s e  cloud tops were s o  low, measurements were made on growing 
clouds and it was found t h a t  e l e c t r i f i c a t i o n  does n o t  become apprec iab le  
u n t i l  t he  c loud tops reach and exceed about 13,000 f t .  Many o f  t h e  water- 
spout  clouds grew t o  apprec iab le  a l t i t u d e s  a f t e r  t h e  funnel had q u i t  and then. 
produced l i g h t n i n g ,  b u t  t h i s  followed r a t h e r  than accompanied t h e  occurrence 
of  t he  vor tex .  
seen with t h e  Blackwell tornado,  although occas iona l  s t r o k e s  spaced a t  6 t o  
10 s i n t e r v a l s  were de t ec t ed  under some clouds wi thout  waterspouts .  Also a t  
no time d i d  an e l e c t r i c  f i e l d  measured n e a r  a waterspout resemble t h e  f i e l d  
measured on dus t  d e v i l s  (refs.  45-49). I t  i s  no t  known whether t h e  d i f f e r e n t  
e l e c t r i c a l  c h a r a c t e r  arises because charges leak o f f  around waterspouts  
because of  t h e  high moisture  content  of  t h e  a i r ,  o r  because dry dus t  o r  
deb r i s  i s  r equ i r ed  f o r  t r i b o e l e c t r i c  charging of t h e  vor tex .  

On no occasion were r e g u l a r  pu l sa t ions  observed l i k e  those  

The measurements made i n  t h e  p re sen t  i n v e s t i g a t i o n  i n d i c a t e  t h a t  no 
e lec t r ica l  c h a r a c t e r i s t i c  appears t o  be  a s soc ia t ed  wi th  waterspouts  . Without 
a doubt, t h e  magnitudes observed a r e  not  a func t ion  o f  t he  diameter  o r  
i n t e n s i t y  of  t h e  event .  This a l s o  i s  i n  agreement wi th  t h e  f a c t  t h a t  t h e  
v e l o c i t y  of  r o t a t i o n  and diameter of  t h e  funnel  are not  r e l a t e d  uniquely.  
These r e s u l t s  sugges t  t h a t  ve loc i ty ,  diameter ,  e l e c t r i c a l  e f f e c t s ,  e t c . ,  a r e  
governed by a flow c h a r a c t e r i s t i c  not  considered h e r e i n .  Although e l ec t r i -  
c i t y  can b e  r e j e c t e d  as important i n  t h e  events  s t u d i e d  during 1968, i t s  r o l e  
i n  the  spouts  on 7 June 1967, 9 August 1967, o r  i n  t h e  events  r epor t ed  by 
Brook and Vonnegut cannot b e  eva lua ted .  The d a t a  obta ined  with t h e  p r o j e c t  
a i rcraf t  do n o t  expla in  these  occurrences and it i s  f e l t  by t h e  au thor  t h a t  
none of  t h e  t h e o r i e s  proposed s o  far ( e s p e c i a l l y  t h e  au tho r ' s )  desc r ibe  
adequately t h e  r o l e  of  e l e c t r i c i t y  i n  events  where s t r o n g  a c t i v i t y  was 
observed. The f a c t  t h a t  e l e c t r i c i t y  can accompany atmospheric v o r t i c e s  and 
t h a t  t hese  v o r t i c e s  can e x i s t  without  a s i g n i f i c a n t  e l e c t r i c  o r  magnetic 
f i e l d  sugges ts  t h a t  o f  a l l  t he  competing t h e o r i e s ,  t h e  e l e c t r i f i c a t i o n  and 
discharge process  ( t r i b o e l e c t r i c i t y  generated by vo r t ex  a i r / d e b r i s  
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i n t e r a c t i o n  (Platou,  ref .  51; Lavan, r e f .  52) )  proposed by Loeb ( r e f .  53) and 
o the r s  i s  probably t h e  b e s t  explana t ion  pu t  f o r t h  s o  far because t h e r e  are 
no grounds f o r  r e j e c t i n g  t h a t  theory .  

The p o s s i b i l i t y  t h a t  important e l e c t r i c  o r  magnetic f i e l d s  e x i s t e d  and 
were not  de t ec t ed  i s  be l i eved  un l ike ly  because t h e  gear  responded t o  l i g h t -  
n ing  s t r o k e s  a t  t he  upper end o f  t h e  spectrum and t h e  e l ec t rome te r s ,  t o  
s teady  vol tages  ( i . e . ,  frequency = 0) at  the  lower end. The magnetometer d i d  
n o t ,  however, d e t e c t  f i e l d s  t h a t  va r i ed  much more s lowly than 0.075 cps,  
although a response was ind ica t ed  f o r  a l l  h ighe r  f requencies .  Late a r r iva l  
a t  an event  o r  s h o r t  dura t ion  phenomena a l s o  d i d  not  cause us t o  m i s s  d a t a  
because of t h e  l a r g e  number of  events  seen  and almost continuous measurement 
from very e a r l y  incep t ion  o f  the  vo r t ex  (i . e .  , from when the  funnel  o r  t h e  
vo r t ex  on the  water  was f i rs t  e v i d e n t ) .  

I n  arranging f o r  t h e  p re sen t  p r o j e c t ,  t h e  au thor  was in t roduced  t o  James 
Bev i l l e  o f  M i a m i  by James Stahmann o f  R .  V .  THUNDERBOLT i n  M i a m i .  M r .  Bev i l l e  
t o l d  o f  an inc iden t  h e  observed t h a t  was remindful of  t h e  theory  proposed by . 

Rathbun ( r e f .  54) f o r  t h e  i n i t i a t i o n  of a waterspout .  He observed a s t r o k e  
of l i g h t n i n g  from cloud t o  water i n  t h e  Gulf of Mexico nea r  Big Pine Key. A s  
i f  t h e  l i g h t n i n g  channel l e f t  a r e s idue  o f  smoke, a waterspout s t a r t e d  up and 
p e r s i s t e d  f o r  s e v e r a l  minutes be fo re  withdrawing i n t o  i t s  pa ren t  cloud. H e  
has seen a number o f  funnels  whi le  f i s h i n g  and knows of  no o t h e r  s imilar  
occurrences.  

CONCLUDING REMARKS 

The r e s u l t s  found i n  t h e  p re sen t  s tudy  i n d i c a t e  t h a t  small waterspouts  
can e x i s t  without  support  from e l ec t r i c  o r  magnetic f i e l d s  even though t h e  
r o t a t i o n a l  v e l o c i t i e s  exceeded.100 m / s  on occasion.  This does not  r u l e  o u t ,  
however, t h e  p o s s i b i l i t y  o f  a con t r ibu to ry  r o l e  i n  t h e  s t r u c t u r e  of  tornadoes 
o r  more i n t e n s e  waterspouts  on occasion.  In p a r t i c u l a r ,  t h e  r e s u l t s  do no t  
expla in  observa t ions  such as those repor ted  by Vonnegut and Brook wherein 
e l e c t r i c a l  d i sp l ays  o r  s t r o n g  e l e c t r i c  cu r ren t s  accompanied o r  were i n  c l o s e  
proximity o f  tornadoes.  But, e l e c t r i c a l  c h a r a c t e r i s t i c s  d e f i n i t e l y  cannot b e  
used t o  l o c a t e ,  f o r e c a s t ,  o r  i d e n t i f y  waterspouts .  Ce r t a in  d a t a  ( i . e . ,  low 
cloud tops and l i g h t n i n g  demise) i n d i c a t e  t h a t  e l e c t r i f i c a t i o n  of  a s p e c i a l  
s o r t  may prevent  o r  e l imina te  a waterspout ;  t h a t  i s ,  small forces  i n  c e r t a i n  
loca t ions  may have profound in f luence  on t h e  vo r t ex  s t r u c t u r e .  

The a p p l i c a b i l i t y  of  t h e  d a t a  on t h e  events  descr ibed  h e r e  t o  l a r g e r  and 
more i n t e n s e  waterspouts  and t o  tornadoes i s  ques t ionable .  The loca t ion  o f  
t he  funnel  r e l a t i v e  t o  the  t a l l  c louds,  t he  j e t  stream, e t c . ,  i n d i c a t e s  t h a t  
s u b s t a n t i a l  d i f f e rences  may e x i s t  on occasion.  

A r e l a t i o n s h i p  between t h e  funnel  diameter ,  t he  maximum v e l o c i t y  of  
r o t a t i o n ,  cloud s i z e ,  e t c . ,  based on v i s u a l  parameters does no t  appear t o  
e x i s t .  Also, a de f in ing  mechanism t h a t  i d e n t i f i e s  t h e  circumstances neces- 
s a r y  f o r  t he  formation of a vo r t ex  under one cloud r a t h e r  than any of  t h e  
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others  was n o t  found. This sugges ts  t h a t  t h e o r e t i c a l  s t u d i e s  and 
measurements b e  made t o  f i n d  a necessary  o r  de f in ing  r e l a t i o n s h i p .  

Two f i n a l  comments are f e l t  t o  b e  p e r t i n e n t  regard ing  t h e  conduct of  t h e  
s tudy .  F i r s t ,  as poin ted  out  by Harold Gerr i sh ,  t h e  waters  around southern 
F lo r ida  (and e s p e c i a l l y  t h e  Keys) appear t o  b e  a p r o l i f i c  producer of  water- 
spou t s .  Second, t h e  mobi l i ty  of a r e l i a b l e  a i r c r a f t  ( c ru i s ing  speed 
= 150 knots)  and i t s  a b i l i t y  t o  make passes  n e a r  t h e  funnel  are e s s e n t i a l .  

Ames Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e ld ,  Ca l i f . ,  94035, Dec. 29, 1969 
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APPENDIX A 

VARIATION OF ELECTRIC AND MAGNETIC FIELDS 

WITH SIZE OF VORTEX FOR VARIOUS MODELS 

Before a choice can be  made of  t he  instruments  t o  b e  used i n  measuring 
t h e  e l e c t r i c  and magnetic f i e l d s  l i k e l y  t o  b e  a s soc ia t ed  wi th  v o r t i c e s ,  an 
e s t ima te  f o r  t h e  magnitudes and p o s s i b l e  v a r i a t i o n  of t hese  f i e l d s  with time 
and d i s t ance  must b e  made t o  determine t h e  c h a r a c t e r i s t i c s  d e s i r e d  f o r  t h e  
equipment. Since a number of  models have been proposed and t h e  small amount * 

of experimental  d a t a  a v a i l a b l e  i s  not  d e f i n i t i v e  enough t o  i n d i c a t e  a s i n g l e  
theory o r  process  as t h e  one t o  cons ider ,  s e v e r a l  models which a r e  f e l t  t o  b e  
t y p i c a l  o f  t h e  t h e o r i e s  proposed were used t o  estimate t h e  f i e l d s  t o  b e  
expected. I t  i s  assumed t h a t  t h e  process  be ing  s t u d i e d  is  t h e  primary d r i v e  
although the  p o s s i b i l i t y  t h a t  it i s  an organiz ing ,  augmenting, o r  supplemental  
fo rce  should not  b e  overlooked i n  examining experimental  d a t a .  The s i z e  of  
t h e  funnel  w i l l  a r b i t r a r i l y  be  def ined  as the  v i s i b l e  diameter  o f  t h e  funnel  
a t  t he  midpoint between cloud and s u r f a c e .  

ELECTROSTATIC MOTOR DRIVE 

Viscous R e s t r a i n t  

Observations and d iscuss ions  by Vonnegut and t h e  labora tory  and theo re t -  
i c a l  work of S i l b e r g  ( r e f s .  14-16) were extended by Rossow ( r e f .  18) t o  s tudy  t h e  
p o s s i b i l i t y  t h a t  tornadoes o r  waterspouts  de r ive  t h e i r  angular  momentum from 
an e l e c t r o s t a t i c  motor type ac t ion  i n  t h e  pa ren t  cloud. The proposed model 
assumes t h a t  an in te rchange  of  charged wat,er d r o p l e t s  and a i r  between two 
charged regions of a cloud b r i n g  about a c i r c u l a t i o n  of  t h e  a i r  which might 
be  ins t rumenta l  i n  forming the  atmospheric vor tex .  Charged a i r  convected 
from one p l a c e  t o  another  can produce a s o - c a l l e d  e l e c t r o s t a t i c  vo r t ex  i f  an 
updra f t  concent ra tes  t h e  r o t a t i n g  motion t o  produce a vor tex .  
s t eady ,  t he  only r e s t r a i n t  on t h e  v e l o c i t y  i s  t h e  viscous i n t e r a c t i o n  of  t h e  
vo r t ex  with i t s  surroundings.  Hence, it i s  found t h a t  t h e  e l e c t r i c  cu r ren t  
f o r  such a vo r t ex  i s  p ropor t iona l  t o  

I f  t h e  flow i s  

2 4  I Pe ED / n  

i s  t h e  charge dens i ty  (C/m3), E t h e  e l e c t r i c  f i e l d  i n t e n s i t y  'e where 
(V/m), D t he  diameter  of  t h e  vo r t ex ,  and q a v i s c o s i t y  r e p r e s e n t a t i v e  o f  
t he  flow f i e l d .  I t  was a l s o  assumed i n  equat ion  (Al) t h a t  t h e  c ross -  
s e c t i o n a l  area of  t h e  channel through which t h e  charged a i r  i s  be ing  con- 
vected i s  p ropor t iona l  t o  D 2 .  
un less  t he  e l e c t r i c  f i e l d  i s  as l a r g e  as p o s s i b l e  which would b e  nea r  break-  
down. When t h e  t e s t  a i r c ra f t  passes  a funnel ,  it should then measure an 
e l e c t r i c  f i e l d  of  l o 5  o r  l o6  V/m which peaks n e a r  t he  event  and then f a l l s  

I n  t h i s  model, t h e  forces  are not  of  i n t e r e s t  
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f a i r l y  r a p i d l y  with d i s t a n c e  from t h e  vor tex .  I f  it i s  assumed t h a t  E and 

w i l l  vary as the  fou r th  power of  t he  diameter .  
expected would b e  s t eady  wi th  time b u t  vary s p a t i a l l y .  
tance can b e  es t imated  by c a l c u l a t i n g  t h e  magnetic f i e l d  of  t h e  e l e c t r i c  
cu r ren t  a s soc ia t ed  wi th  t h i s  o r  any model by use  of  t h e  i n t e g r a l  

a r e  a maximum and n e a r l y  the  same f o r  a l l  even t s ,  t he  e l e c t r i c  cu r ren t  
The magnetic anomaly t o  b e  Pe 

The change with d i s -  

-+ -+ 
where A i s  the  magnetic vec to r  p o t e n t i a l ,  J i s  t h e  l o c a l  e l e c t r i c  cu r ren t  
dens i ty  a t  t h e  i n t e g r a t i o n  po in t  ( subsc r ip t  l ) ,  1-1 i s  t h e  magnetic permeabil-  
i t y ,  and V i s  t h e  volume over which t h e  i n t e g r a t i o n  i s  made ( i . e . ,  where 
J i s  nonzero) .  I t  would be  d i f f i c u l t  t o  account f o r  t h e  s e p a r a t e  and  l a r g e  
number of  small discharges occurr ing  on the  per iphery  o f  t he  e l e c t r o s t a t i c  
vor tex  i n  add i t ion  t o  t h e  curved cu r ren t  channels .  I f ,  however, t he  po in t  of  
observat ion i s  f a r  away, t h e  e l e c t r i c  cu r ren t  system can b e  i d e a l i z e d  t o  a 
s t r a i g h t  cu r ren t  f i l ament  of  length  22. In  t h i s ,  it i s  a l s o  assumed t h a t  t he  
ga ther ing  and d i spe r s ing  cu r ren t s  nea r  t h e  ends a r e  p a r t  o f  t h e  s t r a i g h t - l i n e  
approximation ( e . g . ,  t h i s  model r ep resen t s  t h e  magnetic f i e l d  of  t h e  cu r ren t  
through a wire between two l a rge  condensers).  The magnetic vec to r  p o t e n t i a l  
f o r  such a s i m p l i f i e d  system is  then given by 

0 

+ 2  I i  dx, 

2 [ ( x  - x,)2 + y 2 + z 2 ] 1 / 2  

where, f o r  convenience, t h e  cu r ren t  i s  assumed t o  b e  along t h e  x ax i s  from 
- 2  t o  +Z and o f  cons tan t  magnitude I .  On i n t e g r a t i o n  of  t h i s  express ion ,  

The magnetic f i e l d  

Bx = 0 

+ -+ 
components are found from B = V x A t o  y i e l d  

2 1 .  (y2 + 22) BY = az = - - 4Tr [ 4 2  - x)2 + y2 + z J(2 + x ) 2 + y  2 + Z  

z + x  + a A X  2 - x  

z + x  + 2 - x  
ay 4T 2 J(2 + x)' + y2 + 22 



When 2 -+ 00 t hese  expressions reduce t o  those  f o r  t h e  f i e l d  around a wire 
t h a t  i s  i n f i n i t e l y  long. A t  d i s t ances  of  1 and 10 km from t h e  e l e c t r o s t a t i c  
vor tex ,  t h e  magnetic f i e l d  i s  roughly and gauss,  r e spec t ive ly  (or  
10 and 0 . 1  y )  f o r  I = 100 A ,  and 2 of 1 km. Since t h e  a i r c r a f t  u sua l ly  
passes  wi th in  about 100 m o f  t he  waterspout funnel ,  a r u l e  o f  thumb used i s  
t h a t  a 1 y s i g n a l  i n d i c a t e s  a 1 A cu r ren t  i n  t h e  v i c i n i t y  o f  t h e  funnel .  

I n  o rde r  t o  o b t a i n  i n s i g h t  i n t o  t h e  v a r i a t i o n  t o  b e  expected i n  t h e  
magnetic f i e l d  as t h e  a i rc raf t  f l i e s  around a p o s s i b l e  cu r ren t  conf igu ra t ion ,  
a number of  s i t u a t i o n s  were ca l cu la t ed .  Graphs of  t h e s e  r e s u l t s  provided a 
ca t a log  with which d a t a  could b e  compared as a f i r s t  s t e p  i n  t h e  d a t a  reduc- 
t i o n  and as a b a s i s  f o r  choosing t h e  t e s t  equipment. The two examples 
presented  i n  f i g u r e  23 i l l u s t r a t e  t h a t  d i f f e rences  between cu r ren t  configura-  
t i o n s  are l a r g e  enough t o  d i s t i n g u i s h  them by t h e i r  magnetic p r o f i l e s .  I t  i s  
t o  be  noted t h a t  even though t h e s e  values  f o r  t h e  magnetic f i e l d  are small 
when t h e  cu r ren t  i s  o f  t h e  o r d e r  of  1 A ,  such f i e l d s  are d e t e c t a b l e  with 
equipment used t o  measure i n t e r p l a n e t a r y  magnetic f i e l d s  and used i n  a i rbo rne  
submarine de t ec t ion .  

I n e r t i a l  R e s t r a i n t  

When tornadoes and waterspouts  were presumed t o  b e  an inward and upward 
flow o f  a i r  and no mention had been made of  a r o t a r y  motion, a number of  pe r -  
sons suggested t h e  p o s s i b i l i t y  t h a t  e l e c t r i c i t y  was l a r g e l y  respons ib le  f o r  
t he  low p res su res  and l a r g e  in-flow rates of tornadoes ( e .g . ,  r e f s .  1 and 2) . 
The q u a l i t a t i v e  models proposed then have been enlarged upon and s t u d i e d  wi th  
approximate t h e o r i e s  by Vonnegut ( r e f .  5) , S i l b e r g  ( r e f .  1 4 ) ,  and o t h e r s .  In  
o rde r  t o  e s t ima te  a cur ren t /d iameter  r e l a t i o n s h i p  t h a t  w i l l  t y p i f y  t h i s  
process ,  it w i l l  b e  assumed t h a t  t h e  e l e c t r o s t a t i c  body fo rce  accelerates a 
pa rce l  o f  charged f l u i d  from rest  and without  f r i c t i o n ,  o r  o t h e r  l o s s e s ,  over  
a d i s t a n c e  equal  o r  p ropor t iona l  t o  the  c h a r a c t e r i s t i c  diameter  of  t h e  funnel .  
Any v e l o c i t y  induced i n  t h i s  manner w i l l  a l s o  b e  assumed t o  b e  t h e  same 
whether it i s  along t h e  funnel  (say up i t s  center )  o r  whether it i s  tangen- 
t i a l  ( c i r cumfe ren t i a l  con t r ibu t ion  t o  r o t a r y  motion) ; t h a t  i s  , 
Vvertic.1 : vhor izonta~  2 v.  
r e s u l t a n t  motion are given by 

The fo rce  on a p a r c e l  of  charged a i r  and i t s  

-f -+ 
F = peE 

-+ -+ a = (d$/dt) = (pe/p)E 

If a l l  parameters are taken as n e a r l y  cons t an t ,  

v = (pe/p)Et = ds /d t  

then,  

s = D peE(t2/2) 
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whereby 

an d 

t 2 (2D/p,E)'I2 

v = ( 2 ~ ~ E D / p ) l / ~  

The cu r ren t  f o r  such a process  i s  then found as p ropor t iona l  t o  

I - (Area) (charge dens i ty)  (ve loc i ty )  

- D2pev = D5/2pe(2E/p)1/2 

Hence, t h e  v a r i a t i o n  o f  magnetic f i e l d  wi th  s i z e  of  t h e  funnel  is 
propor t iona l  t o  t h e  5/2 power o f  diameter .  

Time-Varying E l e c t r o s t a t i c  Force 

Observations of p u l s a t i n g  e lectr ical  discharges around and i n s i d e  t h e  
funnel  of  t h e  Blackwell ,  Oklahoma, tornado on 25 May 1955 ( r e f .  55) and 
Jones '  observa t ions  of  a "tornado pu l se  generator"  ( r e f .  9) l e d  S i l b e r g  
( r e f s .  14-16) t o  s tudy  t h e o r e t i c a l l y  and experimental ly  t h e  p o s s i b i l i t y  t h a t  
a r i n g  cu r ren t  could d r i v e  a vor tex  and under what condi t ions .  Estimates of 
t h e  e l e c t r i c a l  energy s t o r e d  i n  a thundercloud suggested t h a t  a tornado could 
be  produced by e l e c t r i c a l  energy s t o r e d  i n  t h e  pa ren t  cloud t h a t  manifests  
i t s e l f  as a r i n g  cu r ren t  whose induc t ive  impulse f i e l d s  could produce 
v o r t i c a l  motion. Q u a l i t a t i v e  l abora to ry  experiments confirmed t h a t  r o t a r y  
motion could b e  achieved i n  s o l i d  and gaseous r o t o r s  wi th  high vol tage  e l ec -  
t r i c  f i e l d s  t h a t  are i n i t i a l l y  e l e c t r o s t a t i c .  Theore t i ca l  es t imates  
( r e f .  14) o f  t h e  e l e c t r o p h o r e t i c  and d i e l e c t r o p h o r e t i c  fo rce  f i e l d s  y i e lded  
t h e  v e l o c i t y  and t h e r e f o r e  t h e  cu r ren t  and magnetic f i e l d  t o  b e  expected. In  
t h e  e l e c t r o p h o r e t i c  ( i . e . ,  charge convection) case, it was assumed t h a t  t h e  
e l e c t r i c  f i e l d  could b e  represented  by 

E = Eoe-Bt s i n  u t  (A81 

and the  v e l o c i t y  by 

v = (e/M)Eo107 sorn e-Bt s i n  w t  d t  

= 3 . 2 6 ~ 1 0 ~  E o  cm/sec = v e l o c i t y  c o n t r i b u t i o n / e l e c t r i c a l  pu l se  (A9) 

where w >> B ,  M = 30 pro ton  masses and E O  i s  i n  V/cm. To estimate t h e  
f i e l d  conf igura t ion ,  t h e  e l e c t r i c  f i e l d  w i l l  again be  a maximum of  t h e  o r d e r  
of  l o 5  t o  l o 6  V/m b u t  p u l s a t i n g ,  and t h e  e l e c t r i c  cu r ren t  i s  approximated by 

I - P , D ~ V N  (A101 

2 1  



Since a r e l a t i o n s h i p  between t h e  number of  surges  of  e l e c t r i c i t y  N and 
diameter  i s  no t  known, equat ion (AlO) w i l l  b e  l e f t  i n  t h i s  form. Observa- 
t i o n s  o f  t h e  Blackwell tornado and Jones '  observa t ions  of o t h e r  tornadoes 
( r e f .  9) suggest  a p u l s a t i n g  frequency of t he  o r d e r  of  20 t o  over  150,000 cps .  

A means f o r  a s s o c i a t i n g  t h e s e  numbers with e i t h e r  w o r  N remains t o  be  
found. The ana lys i s  by S i l b e r g  ( r e f .  14) showed t h a t  t h e  d i e l e c t r i c  force  
f i e l d  would augment t h e  e l e c t r o p h o r e t i c  a c t i o n  b u t  would b e  enough smaller i n  
magnitude t o  b e  n e g l i g i b l e .  

AUGMENTATION OF BUOYANCY DUE TO ELECTRICAL HEATING 

After s tudying  t h e  s t r u c t u r e  of  v o r t i c e s  i n  buoyant a i r ,  Vonnegut 
( r e f .  5) and o the r s  concluded t h a t ,  f o r  t h e  models assumed f o r  t he  vo r t ex ,  
some s o r t  of a d d i t i o n a l  u p l i f t  i s  requi red  t o  o b t a i n  v e l o c i t i e s  i n  t h e  vo r t ex  
much over  about 100 m / s .  Various mechanisms were then considered t h e o r e t i -  
c a l l y  with t h e  r e s u l t  t h a t  e l e c t r i c a l  h e a t i n g  (Ohmic o r  Joule)  of  a i r  around 
and i n  t h e  vor tex  t o  inc rease  i t s  buoyancy seemed t h e  most p l a u s i b l e .  
ments and f u r t h e r  t h e o r e t i c a l  work were c a r r i e d  out  by Vonnegut ( r e f .  5) and 
Wilkins (ref.  17) .  Colgate  ( r e f .  19) ,  i n  t he  l i g h t  of  a measurement r epor t ed  
by Brook ( r e f .  1 3 ) ,  en la rged  upon the  c a l c u l a t i o n  and proposed means t o  reduce 
any e lec t r ica l  in f luence  t h a t  might occur .  

Experi-  

P r i o r  work is  adapted i n  an approximate fash ion  t o  t h e  p re sen t  need f o r  
a r e l a t i o n s h i p  between s i z e  of  t h e  event and a p o s s i b l e  magnetic anomaly due 
t o  Ohmic h e a t i n g  i n  t h e  atmospheric vor tex .  
i s  r e l a t e d  t o  t h e  buoyancy by 

That i s ,  t h e  v e l o c i t y  achieved 

v2 = h AT = (RJ2/Cp)h (All)  

where AT i s  t h e  temperature d i f f e rence  along t h e  e n t i r e  vor tex  column, h ,  
and t h e  dens i ty  reduct ion  achieved between t h e  surroundings and t h e  core o f  
t h e  vo r t ex  are taken a t  cons tan t  p re s su re  s o  t h a t  
t r i c  cu r ren t  d e n s i t y ,  J ,  and r e s i s t i v i t y  of  t h e  a i r  i n  t h e  co re ,  R ,  determine 
t h e  h e a t  added t o  each kilogram o f  a i r .  S ince  a r e l a t i o n s h i p  between the  
s i z e  o f  t h e  vo r t ex  and t h e  v e l o c i t y  achieved i s  no t  a v a i l a b l e ,  t h e  v e l o c i t y  
w i l l  b e  assumed t o  vary l i n e a r l y  with diameter  D .  The t o t a l  cu r ren t ,  I ,  
along t h e  vor tex  core i s  then 

p1/p2 = T,/T,. The elec- 

I = area x curren t  dens i ty  = D 2 J  (A121 

o r  by equat ion  (Al l ) ,  I z D 3 .  
ve loc i ty /d iameter  dependence o r  on t h e  process  be ing  considered w i l l  r e s u l t  
i n  o t h e r  forms f o r  equat ion (A12). 

Other  assumptions regard ing  t h e  

MISCELLANEOUS THEORIES 

Various o t h e r  e lec t r ica l  mechanisms have been proposed f o r  t he  s t r u c t u r e  
o f  the  vor tex  o r  f o r  c e r t a i n  of  i t s  phases ( e .g . ,  refs .  55 and 56) .  Some 
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desc r ip t ions  o f  t h e o r i e s  t h a t  d a t e  back 100 years  o r  more are s o  b r i e f  t h a t  
it is  no t  p o s s i b l e  t o  f i n d  an approximate r ep resen ta t ion  o f  t he  process  pro- 
posed. Therefore a r e l a t i o n s h i p  i s  no t  c a l c u l a t e d  f o r  them b u t  t h e i r  poss i -  
b l e  app l i ca t ion  must b e  recognized when the  d a t a  a r e  s t u d i e d .  
n o n e l e c t r i c a l  t heo r i e s  t h a t  cons ider  e l e c t r i c a l  d i sp l ays  a r e s u l t  o f  t h e  vor- 
t e x  motion r a t h e r  than  a cause belong i n  t h e  category of  t h i s  appendix (e.&. , 
ref.  5 3 ) .  For example, such an occurrence i s  cha rac t e r i zed  by e lec t r ic  f i e l d  
readings t h a t  are q u i t e  h igh  b u t  confined t o  t h e  immediate v i c i n i t y  o f  t h e  
funnel .  
t h e  th re sho ld  o f  t h e  ins t ruments .  

Also, 

Any magnetic anomaly a s soc ia t ed  with t h e  event  w i l l  b e  near  o r  below 
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APPENDIX B 

ESTIMATE OF VELOCITY I N  VORTEX 

The pendant t h a t  appears t o  hang from t h e  parent  cloud o f  t h e  waterspout  
c o n s i s t s  of  water d r o p l e t s  t h a t  r e s u l t  from condensation of  vapor contained 
i n  t h e  moist a i r  e n t e r i n g  t h e  vor tex .  The o u t e r  boundary of  t h e  d r o p l e t  vo l -  
ume, which inc ludes  t h e  v i s i b l e  funnel  and t h e  cloud base ,  i s  a nea r ly  con- 
s t a n t  temperature  s u r f a c e  i f  t h e  a i r  c ros s ing  t h a t  boundary i s  homogeneous. 
That is ,  a t  t h i s  s u r f a c e ,  a i r  i s  cooled by a decrease i n  p re s su re  caused by 
an i n c r e a s e  i n  a l t i t u d e  and v e l o c i t y  s o  t h a t  it cools t o  the  temperature  at  
which condensation beg ins .  If t h e  number d e n s i t y  of  water  d rop le t s  i s  l a r g e  
enough, t h i s  condensation s u r f a c e  can b e  seen .  The o b j e c t i v e  he re  i s  t o  
r e l a t e  t h e  v e r t i c a l  l ength  o f  t h e  funnel  beneath t h e  cloud (see  f i g .  24) t o  
t h e  v e l o c i t y  a t  t h e  o u t e r  edge of  t h e  condensation s u r f a c e .  S ince  it i s  
d i f f i c u l t  t o  see t h e  onse t  o f  condensation t h a t  def ines  the  ex t remi ty  of  t h e  
funnel  ( e s p e c i a l l y  i t s  lowest po in t )  and t h e  base  of  t h e  cloud, t h e  s i z e  o f  
t h e  funnel  w i l l  b e  underest imated.  This f a c t  and the  occurrence o f  some l a g  
between the  time t h a t  t h e  a i r  has  cooled t o  t h e  dew p o i n t  temperature and 
when an apprec iab le  number of  d r o p l e t s  appear,  cause t h e  v e l o c i t y  e s t ima te  
he re  t o  b e  conserva t ive  i n  t h e  sense  t h a t  t h e  value c a l c u l a t e d  r ep resen t s  a 
lower bound on t h e  speed. That i s ,  a t  some p l a c e  i n  t h e  funnel  t h e  v e l o c i t y  
i s  equal  t o  o r  g r e a t e r  than t h a t  c a l c u l a t e d  by t h i s  method. I t  i s  a l s o  
assumed t h a t  t h e  t o t a l  energy of  t h e  a i r  e n t e r i n g  t h e  vor tex  i s  t h e  same as 
t h a t  e n t e r i n g  t h e  cloud base .  
should then b e  used f o r  t h e  flow f i e l d  beneath t h e  cloud r a t h e r  than t h e  
normal l apse  rate of 0 .6S0 K/100 m (NACA Standard Atmosphere) .) 

(The dry a d i a b a t i c  l apse  r a t e  of  0.977" K/100 m 

To der ive  an equat ion t h a t  relates t h e  funnel  length  t o  t h e  v e l o c i t y ,  
t h e  flow f i e l d  below t h e  cloud and around t h e  funnel  i s  assumed t o  b e  i s o -  
e n e r g e t i c ,  a d i a b a t i c ,  and i s e n t r o p i c  s o  t h a t  t h e  energy of  t h e  a i r  can b e  
w r i t t e n  as 

o r  

where To i s  t h e  s t a g n a t i o n  temperature  o f  t h e  a i r  a t  t h e  s u r f a c e  (z = 0 ,  
and Tcb and Zcb are t h e  temperature  and a l t i t u d e  o f  t h e  a i r  at  cloud b a s e  
far from t h e  funnel .  Equation (Bl) does n o t  apply i n  t h e  viscous boundary 
l a y e r  on t h e  s u r f a c e  o f  t h e  e a r t h ,  i n  t he  core  o f  t h e  funnel ,  no r  i n  t h e  
regions where condensation has  occurred because those  a reas  are not  r e l a t e d  
a d i a b a t i c a l l y  and i s e n t r o p i c a l l y  t o  the  rest o f  t h e  flow f i e l d .  Neglect ing 
t h e  core i n  t h e  ana lys i s  i s  f e l t  t o  b e  reasonable  because most of  t h e  funnels  
observed and shown i n  t h e  foregoing t e x t  appeared hollow, sugges t ing  t h a t  
apprec iab le  condensation occurs  i n  some region ou t s ide  a c e n t r a l  volume of  
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t h e  vo r t ex ,  u s u a l l y  r e f e r r e d  t o  as t h e  core.  Hence, t h e  square lower end and 
the  hollow appearance of t h e  funnels i s  used as j u s t i f i c a t i o n  f o r  t h e  use  of  
equat ion (Bl) . 

If t h e  e x t e r i o r  o f  t h e  funnel i s  assumed t o  have a cons tan t  temperature 
( i . e . ,  T = Tcb) , t h e  v e l o c i t y  a t  t h e  o u t e r  p a r t  o f  t h e  funnel  i s  r e l a t e d  t o  
the  d i s t a n c e  below t h e  cloud by 

v = J2g(zcb - Z) (B2) 

o r ,  if Az denotes t h e  maximum length  of  t h e  funnel  (see f i g .  24) ,  

v > (2g Az)I l2  - 
The s i g n  > i s  used t o  s i g n i f y  t h a t  t h i s  v e l o c i t y  is  a conserva t ive  e s t ima te  
f o r  t he  reasons mentioned previous ly  and because t h e  v e l o c i t y  i n s i d e  t h e  
funnel probably exceeds t h i s  value.  Values o f  v a r e  presented  below f o r  a 
range of  funnel  l eng ths .  

Az , 
f t / m  

0 / O  
100/30 
500/152 

1000 / 30 4 
1500/456 
2000/609 
2500/ 75 1 
3000/9 13 

108.7 
122.3 
134.0 

A s i m i l a r  r e s u l t ,  which d i f f e r s  from equat ion  (B3) by a f a c t o r  of  fi, 
has been der ived  by Fendel l  and Dergarabedian ( r e f .  57) .  With t h e i r  assump- 
t i o n s  regard ing  t h e  s t r u c t u r e  of  t h e  core and vo r t ex ,  they found t h a t ,  f o r  a 
given a l t i t u d e ,  t h e  p r e s s u r e  a t  t h e  c e n t e r  o f  t h e  funnel  i s  h a l f  t h a t  a t  t h e  
edge of  t h e  core .  
t i o n  (B3) by a f a c t o r  of  fi. Therefore ,  it i s  be l i eved  t h a t  i n  those  cases  
where t h e  funnel  core  is  not  hollow b u t  is  f i l l e d  wi th  d rop le t s  s o  t h a t  i t s  
o u t e r  s u r f a c e  i s  smoothly contoured t o  a b l u n t  p o i n t ,  t he  Fendell-Dergarabedian 
r e s u l t  i s  a b e t t e r  approximation than  equat ion (B3). 

The i r  e s t ima te  f o r  t h e  v e l o c i t y  then d i f f e r s  from equa- 

Equation (B3) was a l s o  der ived  by Ferrel (pp. 354 f f  o f  r e f .  58) by 
ba lanc ing  t h e  component o f  c e n t r i f u g a l  f o r c e  along an i s o b a r i c  s u r f a c e  o f  t h e  
r o t a t i n g  a i r  aga ins t  t h e  corresponding component o f  t h e  g r a v i t a t i o n a l  fo rce .  
Although Ferrel l a t e r  (pp. 401 f f )  i d e n t i f i e d  t h e  o u t s i d e  o f  t h e  v i s i b l e  funnel  
as an i s o b a r i c  s u r f a c e ,  he d id  n o t  use h i s  form o f  equat ion (B3) t o  e s t ima te  
t h e  v e l o c i t y  i n  t h e  vo r t ex  bu t  appeared t o  p r e f e r  t h e  r e l a t i o n s h i p ,  

r v  = r ' v '  = cons tan t  

where t h e  r e fe rence  q u a n t i t i e s  
t y p i c a l .  I t  seemed appropr i a t e ,  t h e r e f o r e ,  t o  p re sen t  t h e  foregoing ma te r i a l  
because t h e  d e r i v a t i o n  i n  t h i s  appendix d i f f e r s  from Ferrel 's  and because he 
d id  not  i n d i c a t e  t h e  use o f  equat ion (B3) as a lower l i m i t  on t h e  estimate 
f o r  t h e  v e l o c i t y  i n  t h e  funnel .  

r '  = 1000 m and v '  = 3 m / s  were chosen as 
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_ _ _  

TABLE 1.- TABULATION OF ENCOUNTERS WITH ATMOSPHERIC VORTICES 

4 . 3 v  

2 Cdr. J. Fueschel 102/102' 6-8-67 1615-1625 10 

3 Lcdr. J. Gruenenwald 108/069" 6-9-67 1000- u 

4 ....----- do-.------- 262/062' 6-9-67 1330- u 

5-8 Lcdr. C .  Holland 183/117° 7-29-67 0930-1030 -5 ea 

CGC DILIGENCE 

p2v; vs-39 

CGC ARIADNE 

9-10 Cdr. W. G. Dick 81180' 8-7-67 1615-1643 16 and 11 
CGC ACTIVE 

11 L t .  Radik 2731073' 8-7-67 1625- u 
SZE; VS-28 

CGC ACTIVE 
2-13 Cdr. W. G. Dick 156/127' 8-9-67 1000- . 8  ea. 

4-17 -------..do--------- 94/126' 8-9-67 1615-1650 10 ea. 

18 Cdr. N .  P.  Carr 34/105' 8-20-67 0744- u 
SZE; VS-31 

19 Lcdr. C .  HOlland 123/121° 8-21-67 0650-0658 >8 

0-21 ---------do--------- 100/120° 8-21-67 0815-0822 7 
0853-0868 5 

CGC ARIADNE 

22 Cdr. N. P. Carr 1141090" 8-27-67 0821- U 

23 -.-----.-do-.------- 111/090° 8-27-67 0836- u 

24 .-....... do...----.- 2371089' 9-5-67 1250- u 
25 Cdr. Bullard 2121061' 9-10-67 1030- u 

SZE; VS-31 

SZE; VS-31 

Cloud 

300 3000 u' 

600 3000 U 

270 u U 

300 u u 

600 1800 >5 

600 2000 >5 

270 u u 

600 u .5 

300 u > 10 

360 U u 

300 U .5 

300 u .5 

360 U u 

330 u U 

540 u U 
360 u u 

Funnel 

30 300 77 cz 

10 120 49 u 

10 160 56 C 

6 75 38 c 

10 150 54 u 

20 100 44 u 

u u  u u  

10 300 77 u 

15 150 54 u 

u u  u u  

20 75 38 u 

20 210 64 U 

10 360 84 A 3  

10 80 40 u 

6 140 52 A 

3 360 84 u 

Elec t r ica l  

_ _ _  Yes, and Appeared -1y noise as  
radio 
in te r fe rence  an MAD gear 

.__ None __-  

a . 1 y  

'I 

Coments 

Spout and cloud appeared t o  produce 
about ly of noise an MAD gear.  

No ra in  f e l l  from cloud but cloud 
showed on radar.  

Photo of vortex and wake on water 
shown i n  f igure  7(a). 

For a shor t  time, one funnel 
appeared t o  make a complete U-turn 
t o  reenter  cloud. 

Clouds i n  area were decaying but 
cloud over these 2 spouts appeared 
t o  be growing. 

A second and small spout farmed 
nearby and las ted  -5 mi". 

Third funnel had a s t roke  of 
l igh tn ing  over the  top of i t s  
juncture with the cloud and 
appeared t o  break into pieces 
10-15 sec  l a t e r .  

A second spout formed nearby. 
Magnetic anomaly occurred on one 
pass only. 

F i r s t  funnel descended t o  3/4 way t o  
water and stopped descent. 
while l a t e r  spray was generated a t  
surface grew from and surface formed t o  a sheath cloud. tha t  Process 

reversed a5 spout q u i t .  

Flew through spout once; s l i g h t  bump 

Flew through spout twice. 

Cup shaped vortex a t  surface.  

A shor t  

2, unknown 

3A,  anticyclonic 
C ,  cyclonic 



TABLE 1.- TABULATION OF ENCOUNTERS WITH ATMOSPHERIC VORTICES - C o n t i n u e d  

'8-35 ---------do--------- -8/180' 6-17-68 0848-0920 10 ea. 
one 30 

,6-37 ---------do--------- 4/270° 6-18-68 0930-0935 2 or  3 
a f t e r  
s igh t ing  

38 Cdr. N. P. Cam 20/235" 6-18-68 1338-1400 22 
S2D; V X - I  

39 Cdr. N. P .  Carr 12/180° 6-18-68 1435-1440 5 
SZD; VX-1 

40 Cdr. R. V. Wilson 
S2D; V X - 1  

53 Lcdr. G. E. McArthur 
SZE; V X - 1  

Bet I een 
Key West 

and 

-3/340' 

91/300° 

91/300' 
53/317' 

53/317- 

28/2SO" 

1512-1520 

1533-1545 

1600-1610 

1607- 

1607- 

1627-1634 

0730 

1522-1540 

1542-1545 
1601-1612 

1615-1620 

1530-1539 

8 

12 

10 

U 
U 

7 

-5  ea. 

18 

3 

11 

5 

9 

54 ---------do--------- 45/330° 7-18-68 1621-1631 10 
55 ___------do ________-  45/330' 7-18-68 -1621 U 

Cloud 

450 U >5 

300 U :. 5 

300 U U 

480 3000 4 

350 U U 

600 U U 

600 U U 

600 U U 
600 U U 
600 U U 
600 U U 

-400 U U 

530 U U 

440 U U 

540 3000 U 

540 U U 
400 2400 3 

480 2700 3 

480 2700 3 

Funnel 

10 450 94 u 

10 45 30 U 

77 u 10-30 300 

10 20-60 U 

12 400 90 c 

10 30 24 u 

10 120 49 c 

10 100 44 c 
10 600 109 C 

10 60 35 c 
10 150 55 A 

10 100 44 u 
-10 100 44 u 

12 530 102 A 

10 60 35 u 
8 540 104 C 

8 540 104 U 

10 40 28 A 

10 100 44 c 
u c  10 None 

Elec t r ica l  

_ _ _  Perhaps 0 . l y  on 
1 s t roke  one pass 

e 0.05y an 
one pass; 
0.ly on t w ,  
passes 

a . 0 5 y  

I 

Comments 

During l a s t  par t  of funnel l i f e ,  i t  
made 4 right-angle turns  between 
cloud and surface.  

Funnel appeared t o  be a t  edge of 
cloud. Demise came about as funpel 
diameter enlarged about 25 percent 
and d iss ipa ted .  suggesting updraft  
or suction i n  center was stopped. 

Third funnel t o  form las ted  30 m i " ,  
and was -30 m i n  diameter. Cloud 
tops a r e  very low as seen i n  
f igure  17. 

Rainshower between spouts spread out ,  
enveloped them, and probably caused 
t h e i r  demise. 

Anomaly may be due t o  updraft .  
Lightning s t roke  i n  area indicated 
by MAD gear may have been an ad jus t -  
ment i n  e l e c t r i c a l  gear aboard 
a i r c r a f t .  
Anomalies observed may have been due 
t o  updrafts near funnel.  

Spout merged with r a i n .  

:Tout rained out 

Aircraft  was charged t o  about 5000 V 
by ra in .  

Filament t o  surface but funnel only 
20 percent of the way down. 

DO. 

Funnel was la rger  a t  top but pa t te rn  
on water was estimated a t  10 m. 
Rain followed withdrawal of spouts.  

DO. 

No fume: was found but vortex was 
v i s i b l e  on water and yawed a i r c r a f t  
as we flew through. 
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TABLE 1.- TABULATION OF ENCOUNTERS WITH ATMOSPHERIC V O R T I C E S  - C o n t i n u e d  

56 Lcdr. R. N. Beasley 55/060° 7-19-68 1509-1515 6 

57 Ground observation 4/030° 7-21-68 1225-1235 10 

58 Ledr. R. H. Beasley 77/29O0 7-26-68 1420-1446 26 

59 Lcdr. K. E. Earhart 30/150* 7-29-68 1402-1415 13 

S2E; VX-1 

SZE; VX-1 

SZE; VX-1 
60 Cdr. N .  P .  Carr 8-1-68 0948-0959 11 

S2E; V X - 1  A 
61 ----.... do ....-....- 8-1-68 0959-1020 21 

62 .-----..do---------- I 8-1-68 1028- U 
63 _____.__do _.....____ north Keys 8-1-68 1054-1106 12 

between Key 
64 --------do---------- West 20/060° 8-1-68 1114-1121 7 

65 ..._____ do _ _ _ _ _ _ _ _ _ _  and 8-1-68 1123- U 
8-1-68 1140-1145 5 

8-1-68 1145- 

66 --------do---------- 

67 --------do----.-.--- u 
68 Cdr. R. V. Wilson ZZ/350' 8-2-68 0807-0820 13 

69 .-.-----do --------- - 20/350" 8-2-68 0808-0824 16 
70 Lcdr. K. E. Earhart  SS/OSS" 8-7-68 0823-0825 Believe t o  

I 
S2E; V X - 1  

SZE; V X - I  0833-0836 be  me s p t .  
-13 mi" 

71-76 Ground observation 5/000" 8-8-68 1350-1530 -15 ea. 

77 L t .  3 .  F. Fitzgerald 23/250" 8-9-68 1230-1242 12 

78 Lcdr. R. W. Case 30/030' 8-12-68 1438-1446 8 
SZE; VX-I 

SZE: V X - 1  

Claud 

540 U U 

-500 -2500 u 

480 2200 2 

490 3000 5 

480 u .IO 

540 U .10 

540 u .10 

540 u .10 

540 U .10 
540 u .10 

540 u .10 

540 U .10 

700 3000 .5 

5-600 3000 >5 

600 3000 >5 

-500 Max. cloud >20 
i n  a rea  a t  
-10,000 m 

540 U 3 

400 U U 

Funnel 

10 20 17 A 

10 500 100 u 

10 120 49 c 

50 100 44 c 

IO 60 35 u 

6 100 44 c 
15 30 24 U 

15 60 35 c 

6 60 35 u 
24 U 15 30 

15 100 44 u 
15 100 44 u 
6 700 117 U 

6 500 100 C 

6 100 44 u 

10-50 200-500 63-100 U 

10 50 30 A 

6 40 28 A 

Elec t r ica l  

100,000 Stroke every < O . l  
40-60 sec 

comments 

Believe charges and l igh tn ing  
associated with other clouds. 

Spout merged with r a i n  and 
disappeared. 

Spout withdrew as it merged with 
ra in .  

Nice prof i les  of a i r c r a f t  charging 
due t o  ra in ;  see f igure  22(a).  

A l l  spouts withdrew as they merged 
with l i g h t  r a i n f a l l  nearby. 

Smoke f l a r e s  yielded goad 
c i rcu la t ion  pa t te rn ;  see figure 14. 

spouts withdrew as merged with r a i n  

DO. 

Spout withdrew and then reappeared 
8 min l a t e r .  

Spouts seen i n  sequence from f i s h i n  
boat.  a t  end of la rge  cloud complex 
Lightning i n  c e l l s  with anvi l s  but 
not near spouts.  

Uncertain whether e l e c t r i c i t y  with 
cloud over funnel o r  with another 
cloud. Many large clouds close 
together i n  t h a t  area - some t o  
-8000 m. Temperature pause a t  



TABLE 1.- TABULATION OF ENCOUNTERS WITH ATMOSPHERIC VORTICES - Concluded 

Y 

80 Lcdr. R. H. Beasley 21/320' 8-14-68 1636-1642 6 
SZE; VX-1 

81 Cdr. R. V. Wilson 64/310° 8-19-68 1431-1435 4 

82 ---------do--------- 48/315' 8-20-68 1510-1515 5 
SZE; V X - 1  

83-86 Ground observation -5/000" 8-20-68 1810-1830 5 ea. 

87 ---------do--------- By Sand Key 8-21-68 1150-1229 39 

88 L t .  J. F. F i t rgera ld  55/330° 8-26-68 1610-1625 5 

89 ---------do--------- 55/330° 8-26-68 1610-1625 5 

90 - - - - - - - - -do- - - - - - - - -  13/060" 8-27-68 1435-1439 7 

S2E; VX-1 

91 ---------do--------- 21/230° 8-27-68 1546-1556 10 

92 ---------do--------- 2/000" 8-27-68 1610-1622 12 

93 ---------do--------- 31/235' 8-27-68 1658-1710 12 

94 ---------do--------- 31/235' 8-27-68 1700-1713 13 

95 L t .  J. F. F i t rgera ld  17/180° 8-29-68 -1100 U 
._ - ~ 

S2E: V X - 1  

96 -----.---do-..------ lS/OOO' 9-9-68 1745.1753 8 

97 Lcdr. R. W .  Case 20/089' 9-17-68 1422-1429 7 

98 ---------do--------- 32/266' 9-17-68 1542-1545 3 

99 Lcdr. R. H. Beasley Z0/090" 9-19-68 1723-1725 2 

100 Ground observation -10/090" 9-24-68 0825-0839 14 

101-4 L t .  J. J. Drew -22/270' 9-30-68 0800-0845 -10 ea. 

S2E; V X - 1  

S2E; VX-1 

S2E; VX-1 

600 U u 20 100 44 c 

24 U 600 3300 5 12 30 

600 10,000 >8 

450 600 -3  

600 2700 3 

-20 100-150 44-55 U 

30 600 108 U 

550 2000 u 6 500 100 C 

550 2000 U 6 100 44 c 
U u u  U 6 U  600 

U 91 c U 6 420 630 

540 U U 10 360 85 c 

U 24 C U 6 30 660 

U 24 U U 6 30 

>6000 None None 6 0 u c  
660 

600 2400 U 

375 2100 sz 

600 U U 

480 U > 3  

300 2700 > 5  

450-500 -3000 U 

u u  u c  

1 2  30 24 C 

u o  v u  

6 90 43 c 

30 250 70 U 

-10 100-250 44-70 4C 

None '0.1 

<o.c i 100 V/m 

20 kV/m -1 m i "  1 s t roke  C0.i 
eas t  of spout every 

5 5ec 

3-400 V/m None co.1 
10 sec 
south of spout I <0.1 

None NOT 

c 
None 

4 0 0  v/m a . 1  

<loo  V/m 

<400 V/m 

<lo0  V/m 
'I 

U U 

< loo  V/m t 4 . 1  

omments 

F 
Nicely shaped funnel about 
40 percent down. 

Pattern on water very c lear ly  
defined as  a r i n g  of disturbed water 
with calm water i n  center.  

Temperature pause a t  7000 f t .  

Water devi l  occurred with a large 
s t o m  cloud. Water spray generated 
went over h a l f  way t o  cloud from 
water but no detectable funnel. 

Very law clouds over funnels had 
s o f t  tops t h a t  did not grow o r  
bil low out u n t i l  spouts had 
withdrawn. No r a i n .  

Funnel located by Gerald Clemons of 
ESSA I n t .  Airport;  a r r ived  a t  cloud 
a f t e r  spout q u i t  and found no E o r  B 
present i n  parent cloud. 

Heaw r a i n  i n  cloud one-half hour 
a f t e r  spouts q u i t .  

Funnel appeared t o  touch down on a 
Key. 

Pattern an water was about twice as 
large as funnel diameter which is 
typ ica l  of a number of t h e  
observations.. 

Believe e l e c t r i c i t y  t o  be associated 
with clouds nearby. 

DO. 

These two events were - 5  f l i g h t  
seconds o r  -300 m apar t .  

Water devi l  occurred on a day when 
only clouds were some t h i n  c i r r u s  a t  
about 6000 m. 
Scale s e t  a t  30 kV so voltage is 
noise leve l .  

Pattern on water but no v i s i b l e  
funnel,  

Spout seen from NAS ramp. 
was large and went t o  surface.  

Funnel 
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Figure 1.- Grumman S2E aircraft of  Navy Air Development Squadron 1 used i n  
1968 measurements. Four e l e c t r i c  f i e l d  sensors  loca ted  as  i nd ica t ed .  
Magnetic-anomaly d e t e c t o r  (MAD) boom i n  r e t r a c t e d  p o s i t i o n ;  extended 
p o s i t i o n  i s  16 f t  f a r t h e r  behind a i r c r a f t .  

OVERHEAD SHIP, 

Figure 2 . -  MAD t ape  record  of  no i se  l e v e l  and a magnetic anomaly caused by 
merchant s h i p  ( s c a l e  2.5 y )  . 
about 0 .5  min t o  recover  i n i t i a l  l e v e l .  Taken over A t l a n t i c  a t  1000-ft  
a l t i t u d e ,  1315 EDT. 

Noise on record a f t e r  encounter  r equ i r e s  
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(a) E n t i r e  s enso r  u n i t  exposed. 

(b) Flush mounting ready f o r  f l i g h t .  

Figure 3 . -  Electrometer  i n s t a l l a t i o n  on underside o f  l e f t  wing. 
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BUMPY AIR 

BOTTOM 

MAD 

TOP 

- 
I 

I 

- I I 
- 

pu I 
- - 

I 
I - 
I 

- 
- : LIGHTNING TAPE - 

, 4 
I 

UNDER CLOUD 
dLxe I I 

STROKE I STOPPED I 

NOSE 

LEFT 
WING 

I-I I i I I I I I I I I I I I i I I I I I I I I I I I : I I I I I I I I I I I I I 1 i 1 I i  

TIME, sec 
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 

Figure 4.-  Record o f  e l ec t r i c  f i e l d  under and around clouds conta in ing  
e l e c t r i c a l  a c t i v i t y .  Tape speed = 1 mm/s. Sca le  1 mm = 150 V/m. 1450 EDT, 
19 J u l y  1968. 
no te  r a p i d l y  changing s i g n a l  under cloud. 
because r a i n  water had en tered  i t . )  

Note d i s c o n t i n u i t y  i n  records when l i g h t n i n g  occurred and 
(Top senso r  w a s  no t  active 
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(a) 1615 EDT, 9 J u l y  1968. 

(b) 1330 EDT, 9 June 1967. 

Figure 5.- Funnels during e a r l y  s t a g e s  o f  formation as they  pro t rude  from 
cloud base ,  i l l u s t r a t i n g  square  lower end and t r anspa ren t  core .  
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(a) Parent  c loud and funnel .  Note s i m i l a r i t y  of  l e f t -hand  p o r t i o n  
o f  cloud t o  tornado cloud i n  f i g u r e  1 2 .  

(b) Funnel beneath cloud, and spray  a t  s u r f a c e .  

Figure 6 . -  Typical  pa ren t  cloud and waterspout wi th  funnel  extending more than  
80 pe rcen t  o f  t h e  d i s t a n c e  from cloud t o  water su r face .  
a t  s u r f a c e  rises a t  least one - th i rd  o f  t h e  way t o  cloud. 
18 June 1968. Cloud base  1600 f t ,  cyc lonic  r o t a t i o n .  Wind v e l o c i t y  i n  
funnel  z 90 m / s .  I n t e n s i t y  decreased as  spout  merged i n t o  r a i n  shower. 

Spray from vor tex  
1338-1400 EDT, 
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(c) Vortex a t  water s u r f a c e  showing spray column and o f f s e t  of  wake due t o  
cyclonic  r o t a t i o n .  A calm c e n t e r  o r  eye does n o t  appear  t o  be  p r e s e n t  
i n  t h i s  event ( c f .  f i g .  7 ) .  

Figure 6. - Concluded. 
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(a) Cyclonic vo r t ex  p a t t e r n  on water  showing o f f s e t  wake and r e l a t i v e l y  calm 

1000 EDT, 9 June 1967, wind v e l o c i t y  
c e n t e r  o r  eye o f  vor tex .  
e a r l y  s t a g e s  o f  funnel l i f e .  
i n  vo r t ex  2 56 m / s .  

Many spou t s  have q u i e t  cen te r s  during t h e  

OFFSET 

NrYNurru ------ 

(b) Sketch of flow f i e l d  o f  vo r t ex  i n t e r a c t i o n  wi th  sea su r face .  

Figure 7 . -  I d e n t i f i c a t i o n  o f  d i r e c t i o n  o f  r o t a t i o n  by o f f s e t  o f  vo r t ex  wake. 
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(a) Photograph taken n e a r  Key West, 27 Aug. 1968 (by E .  E.  Adams, AXC o f  VX-1). 
Funnel touches water beyond highway and houses i n  foreground. 
funnel t o  l e f t  of and behind t h e  l a r g e r  event .  
o t h e r  spouts  about 30 miles away when t h i s  event occurred.  

Note second 
Aircraft was s tudying  f ive  

(b) S lan ted  and curved funnel  showing junc tu re  with cloud base .  1700 EDT, 
27 Aug. 1968. 

Figure 8 . -  Examples o f  t h e  curva ture  of  a funnel  a x i s .  

4 2  



(c) View down funnel  t o  vo r t ex  and wake on water. 1522-1540 EDT, 8 J u l y  1968. 
Wind v e l o c i t y  i n  funnel  2 102 m / s .  
o f f s e t  of  wake due t o  a n t i c y c l o n i c  r o t a t i o n .  

Note shadow o f  edge o f  c loud and 

Figure 8. - Concluded 
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(a) Contact o f  funnel  having hollow core  with cloud base .  
s t r a t i f i c a t i o n  d e t e c t a b l e  i n  c o n t r a s t  wi th  f i g u r e  10. 
8 J u l y  1968. Wind v e l o c i t y  i n  funnel  2 102 m / s .  

No a d d i t i o n a l  
1522-1540 EDT, 

(b) V i e w  o f  t r a n s l u c e n t  midsect ion o f  t y p i c a l  small event ( - 3  m diam. a t  t h i s  
s e c t i o n ,  cyc lonic  r o t a t i o n ) .  Wave p a t t e r n  on water v i s i b l e  through 
funnel .  1601-1612 EDT, 9 J u l y  1968. Wind v e l o c i t y  i n  funnel  L 100 m / s .  

Figure 9 - Examples of  c y l i n d r i c a l  s t r a t i f i c a t i o n  o f  funnels .  
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(a )  F i r s t  photo o f  funnel  with wing t i p  o f  P2V. 

Figure 10. - Most i n t e n s e  vo r t ex  observed dur ing  2 y e a r  per iod  (es t imate  t h a t  
a t  least  5-10 similar events  occurred i n  t h e  Key West a r e a  when p r o j e c t  
a i rcraf t  w a s  no t  a v a i l a b l e ) .  
condensation d r o p l e t s  i n  funnel  i n d i c a t i n g  a h igh  degree of  organiza t ion ;  
cyc lonic  r o t a t i o n .  
su r f ace .  1000 EDT, 7 June 1967, cloud base  a t  1000 f t ,  cloud t o p  
-10,000 f t .  Wind v e l o c i t y  i n  funnel  2 77 m/s. P i l o t  noted some l i g h t n i n g  
and i n t e r f e r e n c e  on s i n g l e  side-band rad io .  
o s c i l l a t e d  r a p i d l y  between s t o p s  on 1 y s c a l e  while  P2V was under cloud. 

Note c y l i n d r i c a l  s t r a t i f i c a t i o n  o f  spray  and 

Turbulence appears t o  be  r e s t r i c t e d  t o  l a y e r  n e a r  water 

MAD r eco rde r  (AN/ASQ-8) 
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(b) Early s t a g e  o f  funnel contac t  with water .  

Figure 10. - Continued. 

46 



(c) Cy l ind r i ca l  s t r a t i f i c a t i o n  of spray  and funnel  a t  su r face .  

Figure 10.-  Continued. 
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(d) Funnel midsect ion dur ing  i n t e n s e  phase. 

Figure 10.-  Continued. 



(e) S t r u c t u r e  o f  funnel  where it enters cloud base.  

Figure 10.- Continued. 
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wl 
0 

( f )  La te r  s t a g e  of  funnel  and spray  a t  s u r f a c e .  

Figure 10.-  Concluded. 



(a) I n i t i a l  s t a g e s  o f  funnel  formation. 

(b) F ina l  s t a g e s  o f  funnel  ex i s t ence .  

Figure 11.- Funnel extended from cloud base  t o  about 80 percent  o f  d i s t a n c e  t o  
water  and then  s topped.  
s u r f a c e  which r o s e  as a c y l i n d r i c a l  shea th  around funnel  up t o  cloud base.  
Spray then  f e l l  t o  s u r f a c e  and funnel  withdrew i n t o  cloud. 0815-0822 EDT, 
2 1  Aug. 1967. 

A few seconds l a t e r  water spray  was genera ted  a t  
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(a)  Ce l l  over  funnel  when first observed. 

(b) Vortex dur ing  most i n t e n s e  phase.  

Figure 1 2 . -  Tornado and pa ren t  c loud similar i n  appearance t o  waterspout c loud 
i n  f i g u r e  6 ( a ) .  P i c t u r e  taken s h o r t l y  a f t e r  1442 MDT, 24 J u l y  1965, near 
Westcliff, Colorado, by J i m  Bradford,  B i l l  TenBroek, and Carl Heinen o f  
Systems and Research D i v . ,  Honeywell, Inc . ,  S t .  Paul ,  Minn. Valley f l o o r  
8,000 f t ,  a i rcraf t  a l t i t u d e  9,500 f t ,  cloud base  10,000 f t ,  and t o p  o f  
c loud c e l l  -20,000 f t  ( i . e . ,  12,000 f t  above t h e  ground). Funnel diameter  
a t  cloud base  -170 f t .  
i n  funnel  2 109 m / s .  

Funnel withdrew and h a i l  followed. Wind v e l o c i t y  
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Figure 13. - Q u a l i t a t i v e  dependence of  v e l o c i t y ,  v,  dynamic p res su re ,  (p/2)v2, 
Low energy o f  a i r  and work c a p a b i l i t y ,  v(p/2)v2, on r ad ius  f o r  a vor tex .  

near  a x i s  produces smooth core and a tu rbu len t  r i n g  on water s u r f a c e  as 
shown i n  f i g u r e s .  
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(a) Overa l l  view o f  smoke flare n e a r  vortex-water  con tac t  po in t .  

(b) Close-up view o f  smoke e n t e r i n g  vor tex .  

Figure 14.-  Smoke p a t t e r n  around t h e  con tac t  p o i n t  of  vo r t ex  wi th  water 
s u r f a c e .  
i n d i c a t e d  by a g i t a t e d  water and funnel .  Smoke formed a cup-shaped f i g u r e  
(with a small q u i e t  cen te r )  -10-m diam. and 30 m h igh ,  cyc lonic  r o t a t i o n .  
1054-1106 EDT, 1 Aug. 1968. Cloud base  1800 f t ,  wind v e l o c i t y  i n  funnel  
2 60 m / s .  

Note t h a t  vor tex  flow f i e l d  is  much l a r g e r  than t h e  a c t i v e  reg ion  
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(a) Spout wel l  formed and away from r a i n .  

(b) Spout merging with r a i n .  

Figure 15.- Photographs of a funnel next  t o  rainshower which overtakes and 
encompasses it. 1546-1556 EDT, 27 Aug. 1968. 
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Figure 16.- Sketch o f  l i g h t n i n g  demise of  funnel .  1630 EDT, 9 Aug. 1967. 
Seams i n  funnel appeared about one-half  minute a f t e r  s t r o k e  occurred and 
p i eces  d r i f t e d  a p a r t  as they evaporated from view. 



(a) Low cloud tops  with cirrus deck overhead. 
cloud base.  

Two funnels  p ro t rud ing  from 

(b) Cloud row wi th  t h r e e  funnels  showing (one merging wi th  r a i n ) .  

Figure 17.-  Eight  funnels  appeared i n  sequence from t h i s  cloud l i n e ,  one o f  
which was es t imated  a t  over  100 f t  i n  diameter.  
1968. Note low a l t i t u d e  of  cloud tops  and cirrus clouds a l o f t .  

0848-0920 EDT, 17 June 
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(a)  Second funnel  forming n e a r  east end o f  cloud row. 

(b) F i f t h  funnel  of  sequence with r ec t angu la r  cloud 
pendant coming down where r a i n  i s  beginning. 

Figure 18.-  Six funnels  appeared i n  sequence from low cel ls  a t  r i g h t  end of  
' l a r g e  cloud o r  row o f  c louds.  Lightning and r a i n  i n  t a l l  clouds 
(-25-3000 f t  tops )  t o  l e f t  o f  p i c t u r e s .  1300-1500 EDT, 8 Aug. 1968. 
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Figure 19.- Sequence o f  spouts  which appeared under clouds o f  shallow depth 
Cloud top  blossomed and fuzzy tops .  

ou t  a f t e r  funnels  1 and 2 expi red  1810-1830 EDT, 20 Aug. 1968. 
Cant and length  of  funnels  var ied .  

Figure 20 . -  Example of  s p i r a l  r a i n  p a t t e r n s  seen  on water  on occasion.  Water 
d e v i l  seen  about 5 miles from h e r e .  1400 EDT, 20 Aug. 1968. 
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Figure 21 . -  Theore t ica l  v a r i a t i o n  o f  magnetic anomaly with diameter o f  funnel 
f o r  var ious e l e c t r i c a l  models (appendix A). Enclosures around da ta  p o i n t s  
designate  u n c e r t a i n t y  due t o  known causes.  (Also s e e  footnote  1, page 2.)  
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(a) Charging of  a i r c r a f t  by a rainshower. 0758 EDT, 2 Aug. 1968. 
(b) S igna ls  due t o  l i g h t n i n g  s t r o k e s .  1510 EDT, 29 J u l y  1968. 
(c) S igna ls  due t o  p i t c h  o r  r o l l  o f  a i r c r a f t  i n  an e l e c t r i c  f i e l d ,  i l l u s t r a t i n g  c ros sed - f i e ld  e f f e c t s  

a r i s i n g  because sensors  f ixed  on a i r c r a f t .  
1100 EDT, 2 Aug. 1968. 

Also no te  s i g n a l  i n  MAD gear  by a c c e l e r a t i o n s .  

Figure 22.- Sample s i g n a l s  received on magnetic and e l e c t r i c  f i e l d  sensors .  



(a) Current p a r a l l e l  t o  x axis  and 200 m above. a i r c r a f t  
(b) Current i n  xz plane elevated 45' t o  horizontal  with 

130 m above f l i g h t  plane. 

f l i g h t  plane. 
lower end about 

Figure 2 3 . -  Prof i les  of  magnetic anomaly calculated i n  v i c i n i t y  of e l e c t r i c  
current l i n e .  I = 10 A, 2 = 200 m. Earth 's  magnetic f i e l d  i n  yz plane 
( i - e . ,  y is  i n  magnetic north d i rec t ion) ;  z axis i s  v e r t i c a l .  
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Figure 24.- Sketch o f  funnel extent below cloud as used i n  calculat ion of 
veloci ty  estimate.  
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